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FOREWORD

The Environmental Protection Agency was created because of fncreasing
public and government concern about the dangers of pollution to the health
and welfare of the American people. Noxious air, foul water and spoiled
land are tragic testimony to the deterioration of our natural environment.
The complexity of that environment and the interplay between its components
require a concentrated and integrated attack on the problem.

Research and development is that necessary first step in problem
solution and it involves defining the problem, measuring its impact and
searching for solutions. The Municipal Environmental Research Laboratory
develops new and improved technology and systems for the prevention, treatment
and management of wastewater and solid and hazardous waste pollutant dischar-
ges from municipal and community sources, for the prevention and treatment
of public drinking water supplies, and to minimize the adverse economic,
social, health and aesthetic effects of pollution.

This publication is one of the products of that research; a most vital
communications 1ink between the research worker and the user community. It
is a survey of biological processes used in the treatment of drinking water
supplies. Particular emphasis is placed on evaluating the use of biologically
enhanced granular activated carbon as it has been developed and is being
practiced in certain European drinking water treatment plants today.

This study was sponsored jointly by the Industrial and Extractive
Processes Division of the EPA Office of Research and Development, by the
Water Supply Research Division of the Municipal Environmenial Research
Division and by the Office of Drinking Water in an effort to assess the
performance of advanced treatment techniques for use in the production of
drinking water and in the treatment of wastewaters. It is hoped that this
report will be interesting and helpful to those active in these fields.

Francis T. Mayo, Jirector
Municipal Environmental Research Laboratory
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ABSTRACT

This study resulted from a recommendation made during the course of a
previous survey conducted for the U.S., Environmental Protection Agency by
Public Technology, Inc. During the earlier survey, An Assessment of Ozone
and Chlorine Dioxide Technologies for Treatment of Municipal Water Supplies,
EPA-600/2-78-147, a biological treatment technique was observed in several
European drinking water treatment plants which appeared to be producing high
quality drinking waters and avoiding the synthesis of halogenated organic
materials during the water treatment process. This treatment technique
involves the sequential application of chemical oxidation (usually by means
of ozone), rapid media filtration, optional reaeration and granular activated
carbon adsorption.

Because this biological treatment process seemed to have general
applicability to the control of organic chemicals in drinking water, the
objective of the present program was to study the use of this technology in
European water treatment plants and to determine its advantages and disadvan-
tages for use in the United States.

This biological treatment technique has been called Biological Activated
Carbon, but perhaps should be more properly referred to as Biologically
Enhanced Granular Activated Carbon {BEGAC). Europeans substitute the BEGAC
process for prechlorination. Raw waters which contain readily biodegradabie
organic materials are pretreated simply by aeration or oxygenation to create
high dissolved oxygen levels in the water. In the presence of high oxygen
levels and readily biodegradable organic materials, aerobic biological
activity is promoted in the subsequent rapid filter and GAC adsorption
media, The aerobic microorganisms degrade biodegradable organics, ultimately
converting them to carbon dioxide and water under optimum conditions.

If the organic materials in the raw waters are biorefractory, then
chemical preoxidation may convert them into readily biodegradable materials.
If not, then BEGAC will provide no advantages over granular activated
carbon operating purely in its adsorption mode.

In addition to converting dissolved organic materials to carbon dioxide
and water, the aerobic microorganisms also are capable of comverting ammonia
or ammonium ions to nitrate ions by biclogical nitrification mechanisms.
Most of the nitrification occurs in the rapid filter medium before the GAC
adsorber, Therefore, oxygenation normally is required after passage through
the filtration unit.
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Advantages of the BEGAC process include:

1) Extension of operating lifetimes of the GAC adsorbers before reacti-
vation must be conducted. Swiss water treatment authorities c¢laim a 5-
to 6-fold increase in operating 1ifetimes. One European plant has
utilized the process for over three years without requiring GAC reactiva-
tion. Newer plants are planning to operate at least two years before
reactivating.

2) The process may be substituted for breakpoint chlorination to remove
ammonia. This eliminates the formation of trihalomethanes and other
halogenated organic compounds during the early stages of water treatment
processes.

3) The Dohne plant in Mliilheim (Federal Republic of Germany) converted its
existing breakpoint chlorination/GAC adsorption process to BEGAC in
late 1977. This involved doubling the depth of the GAC contactors and
installing two-stage ozonation. Because of savings in operating labor,
GAC reactivation costs and costs of chemicals, current operating costs
at the Dohne plant are no higher than they were before process conversion
-~ and the quality of finished water is higher.

Bacteria in the GAC adsorber are present only in the large macropores,
and do not interfere with the adsorption properties of the GAC for refractory
organic compounds. If the raw water contains both refractory organics and
readily biodegradable organics, the GAC unit can be sized to maximize bio-
chemical conversion of organics and ammonia without ailowing breakthrough of
these materials. While these materials are being removed from solution
biochemically, the refractory organics (i.e., halogenated organic materials)
are being removed by adsorption. The GAC then is regenerated only after the
refractory materials break through.

A major uncertainty exists with respect to adoption of BEGAC processes
on a broad scale. This is the concern for endotoxins which may be produced
when specific types of bacteria die. However, no evidences of endotoxins as
yet have been found in BEGAC system effluents. A1l microorganisms identified
to date as being present in BEGAC filter/adsorption media and their effluents
are non-pathogenic soil and water bacteria, fungi and yeasts. E. coli
organisms, which may be present in raw waters, cannot survive in competition
with the non-pathogenic organisms present.
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SECTION 1
INTRODUCTION

The Environmental Protection Agency's Water Supply Research Laboratory
in Cincinnati awarded a grant to Public Technology, Inc. in June, 1976 to
conduct a state-of-the-art study of the use of ozone and chlorine dioxide
technologies in municipal water treatment. The results of this study have
been published as Report Number EPA-600/2-78-147 entitled, "An Assessment of
gzon$_ang Chlorine Dioxide Technologies for Treatment of Municipal Water
Supplies".

The study revealed that ozonation is a technology currently being
widely used for a range of purposes in at least 1,039 water treatment
plants in 29 countries in 1977. As part of this study, a *eam of scientists
and engineers visited 23 water treatment plants in France, Belgium, Germany
and Switzerland in May, 1977. Twenty of these plants use ozone for one or
move purpcses, while chlorine dioxide {s used at 14 of these plants.

During the course of this 4-week on-site survey of European water
treatment facilities, the site visi{t team observed a biological treatment
technique in use in France, the Federal Republic of Germany and Switzerland
that currently is not practiced in the United States. This technique involves
the deliberate promotion of aerobic biological growths on filter media
(sand, anthracite) and granular activated carbon media (columns or beds) for
purposes of nitrification and of removing organic chemicals. The aerobic
biological activity is enhanced by an oxidation step applied prior to activa-
ted carbon treatment. Such preoxidation steps frequently involve the addition
of ozone.

Evidence obtained from numerous pilot plant studies and from several
full-scale operating plants in Europe supported the claim that a properly
designed and operated combination of ozone and granular activated carbon
unit processes enhanced organic chemicals removal and reduced the frequency
of regeneration of the activated carbon media.

Several offices of the U.S. Environmental Protection Agency provided
additional funding to Public Technology, Incorporated in early 1978 to study
this water treatment technique further. The interest of the Envirormental
Protection Agency in this advanced treatrent technique was stimulated by the
need to learn as much as possible about methods for controlling organic
chemical contaminants in drinking water.



On February 9, 1978, the EPA proposed regulations dealing with the
control of organic chemical contaminants in drinking water. The proposed
regulations consisted of two major sections, the first of which would set a
maximum contaminant level in finished water for trihalomethanes (THMs). The
THM regulations since have promulgated by EPA in November 1979. The second
section of the proposed regulations would require public water supply systems
that serve more than 75,000 persons and that find substantial amounts of
synthetic organic chemicals (S0Cs) in their raw water supplies to use granular
activated carbon (GAC), or an equally effective treatment technique, to
reduce the concentrations of these SOCs in their finished waters.

One of the primary concerns of public water supply systems regarding
the use of GAC, in addition to the high capital cost, is the relatively high
cost associated with frequent regeneration. The EPA has proposed stringent
performance criteria for the GAC systems. These may be modified as a result
of corments received by EPA during the public comment period. However, they
were objectives against which water treatment techniques could be gauged as
being cost-effective during the term of this study. The performance criteria
germane to this study as proposed by EPA on February 9, 1978 are as follows:

(1) The concentration in the GAC contactor effluent of any volatile halogena-
ted organic compounds (except for trihalomethanes) determinable by the
purge-and-trap/gas chromatography method shall not exceed 0.5 pg/1;

(2) The removal of influent total organic carbon with fresh granular
activated carbon shall be at least 50%, and

(3) The total organic cdarbon content in the 3AC contactor effluent may not
exceed the value obtained with fresh granular activated carbon by more
than 0.5 mg/1.

Depending upon the type and quantity of synthetic organic chemicals in
the raw water supply of a public water treatment system, under these proposed
performance criteria, a utility might be required to regenerate its activated
carbon as frequently as 4 to 8 times per year. Experiences in European
water treatment plants, operating under a different set of performance
criteria for organics breakthrough, have demonstrated that systems using
ozonation followed by granular activated carbon adsorption can have operatio-
nal lives of their GAC media as long as 2 to 3 years before regeneration is
required.

Some of these experiences were reported on briefly in the earlier EPA
survey report (Miller et al., 1978). Additional details were required,
however, to substantiate whether biological treatment in the form of ozonation
followed by GAC is a viable method of enhancing treatment effectiveness
while reducing operating costs. It has been found that BAC (Biologically
Active Carbon) treatment processes have been incorporated into at least two
European drinking water treatment plants primarily to remove ammonia biologi-
cally {(actually to convert ammonia biologically to nitrate ion). This
biological process thereby replaces breakpoint chlorination and eliminates
the generation of chlorinated organic materials during early stages of the
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water treatment processes. It was desired to learn more about the benefits
of substituting the BAC process for this purpose.

Therefore, this study was undertaken to acquire {nformation on the
following specific subject areas:

» determining design criteria used for ozone/GAC systems in Europe;
(] determining mechanisms by which BAC systems operate;

) determining microbiological aspects of BAC systems; .

] gathering field operational and cost data on ozone/GAC systems;

) quantification of technical and cost benefits of BAC systems;

. determining changes in U.S. treatment plant designs required for
retrofitting ozone/GAC systems into existing plants.

After consulting with leading European water treatment authorities
during early 1978, the PTI site visit team conducted visits to selected
European facilities during June, 1978. The primary questions to be answered
were:

(1) 1Is BAC effective for removal of organic chemicals, and if so, under
what conditions?

(2) 1s BAC an effective replacement process for ammonia removal by breakpoint
chlorination and if so, under what conditions?

(3) How and why does the BAC process achieve its effectiveness?

(4) Is a preoxidation step necessary? If so, must the preoxidant always be
ozone?

(5) Can the added capital and operating costs of an ozonation or other
preoxidant system be offset by the increase in operating time before
the GAC must be regenerated?

(6) Is BAC safe to use for drinking water treatment, from a bacteriological
point of view?

(7) What pretreatment and post-treatment steps are made necessary when BAC
is {ncorporated into a drinking water treatment system?

(8) Does biological regeneration of the GAC truly occur, and if so, to what
extent?

Answers to some of these and other questions were obtained by conducting
a 3-week site visitation of:



(1) operational drinking water treatment plants employing granular activated
carbon facilities designed to promote biological growth,

(2) research institutes and universities conducting studies on the BAC
process,

(3) activated carbon and ozone systems manufacturers in Western Europe
during June, 1978, and

(4) by reviewing the published 1iterature on the subject.

However, the scope of this study could not be confined to ozone/GAC
treatment systems alone. Early in the study, it became apparent that
Europeans employ many biological processes in the treatment of drinking
water, and that biological activated carbon was simply a more advanced
treatment system, which was based on earlier operating experiences with
other biological processes applied to the treatment of drinking water
supplies. Therefore, the scope of this study was extended to include
discussion of other European biological drinking water treatment methods.
Because of the complexity of the problems of organic chemicals removal
however, our primary emphasis remained on ozone and granular activated
carbon systems.

SITE VISITS

A complete 1isting of European facilities visited by the survey team is
shown in Table 1. Pertinent findings from each plant visited are discussed
in Section 9 and a thorough account of the plants visited is included in the
Appendices.

Several industrial wastewater treatment facilities also were visited,
primarily to Tearn {f the BAC process was being applied to wastewaters, and
if so, to what extent, If BAC was not being applied to the treatment of
industrial wastewaters, why not and did the process hold any potential for
industrial wastewaters in the United States? The potentials of biological
activated carbon processes applied to industrial wastewaters are reported in
a separate document which has been submitted for review to the EPA Industrial
% Extractive Processes Division, Office of Environmental Engineering and
TechnoT?gy, Office of Research & Development (P.E. des Rosfers, Project
0fficer).

LITERATURE SEARCH AND REVIEW

A substantial number of papers were obtained from persons and {nstitu-
tions visited during the June, 1978 survey. In addition, two technical
conferences, one dealing with Oxidation Techniques in Water Treatment, held
in Karlsruhe, Federal Republic of Germany during September, 1978, and the
other on Adsorption From the Aqueous Phase, part of the 176th Annual Meeting
of the American Chemical Society held in Miami Beach, Florida, also in
September, 1978, contributed several meaningful and timely papers. A search



TABLE 1.

FACILITIES & ORGANIZATICNS VISITED, JUNE, 1978

Organization
1a Chapelle Plant

Morsang-sur-Seine
Degrémont

KIWA (Keuringsinstitut voor
Waterleidingsbedrijven)
(Testing & Research Inst. of
The Netherlands Water Supply)

Rijksinstituut voor drink-
watervoorzfening (National
Institute for Water Supply)
Kralingen Plant
KIWA/Rijksinstituut

Water Reuse Facility

Dohne Water Treatment
Plant

Holthausen Plant
flehe Plant
Engler-Bunte Irstitut der

Jniversitdt Karlsruhe

University of Saarlands
The Lurgi Sroup
Hardhof Plant

EAWAG (Eidgendssissche
Anstalt flir Wasserversorgung
Abwasserreiniqung und Ge-
wisserschutz (Swiss Federal
Inst. for Water Resources &
Water Pollution Control

Lype

Municipal Owned,
Privately Operated
Waterworks

Privately Owned &
Operated Waterworks

Equipment Supplier

Ressarch Institute

Goverrment Water
Laboratory

Municipal
Waterworks

Pilat Plant
Test Unit

Municipal
Waterworks

Municipal
Waterworks

Municipal
Waterworks

Research Inst.-
University

University
Carbon Supplier

Municipal
Waterworks

Government Ressarch
Laboratory

Location

—e

Rouen, France

Villabé, France

Reuil Malmaison,
France

Rijswijk,
The Netherlands

Voorburg,
The Netherlands

Rotterdan,
The Netherlands

Dordrecht,
The Netherlands

MUlheim, Federal
Republic of Germany

Dlisseldorf, Federal
Republic of Germany

Clisseldorf, Federal
Republic of Germany

Karlsruhe, Federal
Republic of 3ermany

Homburg/Saar, Federal
Republic of Germany

Frankfurt, Federal
Republic of Germany

Zirich, Switzerland

Débendorf, Switzerland




of the published 1iterature yielded a significant number of papers by Weber,
Packham, Rook, Eberhardt, Sontheimer, Benedek and others which are applicable
to the subject. Results of this literature review are interwoven throughout
this report.



SECTION 2
CONCLUSIONS

1) It is universally accepted that the provision of drinking water free
from pathogenic microorganisms {s the primary responsibility of a drinking
water producer. Water supply utilities of the United States, in achieving
this goal, have sought to preclude the growth of all types of microorganisms
within the water treatment system. In other countries, many water utilities
intentionally incorporate biological processes into their water treatment
systems to reduce the levels of dissolved organics and still maintain strict
pathogen-free qualities of the finished waters.

2) The treatment of drinking water by the application of biological
processes is not new. Biological activity is one of the processes in the
slow sand filter, which was a key treatment step of early water treatment
facilities, but which is generally considered obsolete in contemporary U.S.
practice. However, biological treatment, in many forms, is an important
process in many European drinking water treatment systems. Examples of
biological treatment of drinking water include the following:

.river sand bank filtration

surface water storage

gravity clarification

coarse media biological reactors

fluidized bed nitrification

biologically active filter media

biologically enhanced granular activated carbon (BAC)
ground passage of treated water

3) The incorporation of biological treatment steps into water treatment
processes offers the following prospective benefits in water treatment:

reduction of the level of dissolved organic materials
lower oxidant (chlorine, chlorine dioxide or ozone) demand
reduced operational costs

reduced bacterial regrowths in distribution systems.

4) Biologically enhanced granular activated carbon (BAC) can be defined as
the sequential unit processes consisting of:

(a) oxygenation by aeration, oxygen injection or chemical oxidatien,
(b) sand, anthracite or multi-media filtration,



§C) optional reoxygenation and
d) granular activated carbon (GAC) adsorption.

This combination of processes, chemical oxidation, adsorption‘and biochemi-
cal oxidation is capable of removing ammonia and some' (but not all) soluble
organic substances from drinking water.

5) Dissolved organic materials in drinking water can be classified into
four generalized categories as follows:

(a) biodegradable, adsorbable by GAC

(b) biodegradable, non-adsorbable by GAC

(c) non-biodegradable, adsorbable by GAC

(d) non-biodegradable, non-adsorbable by GAC

Although these are simplified generalities stated for the purpose of discus-
sing treatment of dilute water streams, they provide a framework for postula-
ting mechanisms by which biological activated carbon probably functions.
Weber (1978b) points out that,

“Bacteria, uniess specifically controlled, will grow on virtually any
surface, particularly those of fine grained media. The objective of
biological treatment schemes to take advantage of this phenomrenon
should be to provide optimum conditions for growth'.

6) Both the filtration media and GAC provide supports’ for the biomass
which utilizes soluble organics and ammonia as substrates. The application
of strong oxidants, such as ozone, to a raw water stream being treated can
change the chemical nature of the dissolved organic materials. Strong
oxidants can convert some (but not all) non-biodegradable materials into
biodegradable materials. Biochemical decomposition of organic nutrients
adsorbed by the high surface area in granular activated carbon appears to
restore a portion of the sites to again become available for adsorption.
Thus, one objective of preoxidation is to couple adsorption with biological
degradation.

7) The porous structure of GAC presents an-ideal.medium for proliferation

of attached biological growth (fixed film biological growth). Both biomass
and substrate are retained by the large surface area of the GAC.. A relatively
Tow food/microorganism ratio can be maintained'to be able to remove relatively
low levels of dissolved organic materials.

8) Bacteria become attached to GAC media only on the outer surface and in
the larger macropores near the outer surface which are sufficiently large to
house them. As a result, only 1 to 2% of. the total surface area available
for adsorption of dissolved organics is utilized by the bacteria, and this
amount of bacterial growth {s not sufficient to interfere with normal adsorp-
tion processes.



9) Bacterial growths build up rapidly in granular activated carbon media.
Those species which consume mainly carbonaceous organic materials attain

their maximum concentrations within 24 to 48 hours after virgin or reactivated
carbon is placed in service. Nitrogen-converting bacteria take longer to
build up to their equilibrium concentrations (30 to 90 days), but low levels
of ammonia are converted to nitrate within a few days of fresh or reactivated
GAC being placed into service.

10} Operational water treatment plants utilizing bfological activated
carbon processes demonstrate that regeneration cycles of GAC adsorbers can
be extended significantly if a large proportion of the soluble organics
entering the GAC system are biodegradable and if essential conditions, such
as minimum dissolved oxygen levels, are maintained. While no single BAC
system design is as yet universally accepted, sufficient data exist from a
number of plants, to enable the design engineer to commence to establish
design criteria for BAC systems. It is clear that, under certain conditions,
a design can be prepared to take advantage of extended GAC operational life
by enhanced biological activity on both the filter media and on the GAC.

11) Several microbiological studies have demonstrated that the predominant
microorganisms in the GAC media and in the water leaving the BAC system are
typical, non-pathogenic, soil and water bacteria. It has been shown that
pathogenic bacteria entering a properly designed and operated BAC system
cannot compete with the predominant microorganisms present, and therefore
the pathogenic species die off. Further study is required to confirm the
absence of harmful endotoxins. It has been demonstrated that only low
dosages of post-disinfectant are necessary to achieve the prerequisite
levels of bacteriological quality of the treated water being discharged to
the water distribution system.

12) Any decision to install GAC should not be made solely on the benefits
which can be gained from BAC. Rather, the decision to utilize GAC to

remove specific organic materials should be made first. Cnce the decision
to install 3AC has been taken, then careful consideration should be given to
extending the operational lifetime and improving the overall organic removal
process performance of the GAC by enhancing biological activity in this
medium.

13) Reactivation criteria for BAC should be the same as those for GAC, and
should be based upon the particular dissolved organic materials present in
the raw water,

14) BAC will not provide any significant advantages over GAC when the
dissolved organics to be removed are non-biodegradable and cannot be made
biodegradable even by chemical oxidation with ozone. Exemplary materials of
this type include many of the halogenated organic compounds produced upon
prechlorination of raw waters.

15) BAC systems have replaced breakpoint chlorfnation processes in several
new and older European drinking water treatment plants. This process change
has provided the advantage of not producing halogenated organic materials



during the early stages of the drinking water treatment process (which, once
synthesized, then are difficult to remove). In addition, replacement of
prechlorination with BAC systems also has produced higher quality finished
waters, with respect to dissolved organics, ammonia, Tower turbidity levels
and lowered post-disinfectant (chlorine, chlorine dioxide or ozone) demands.

16) Chemical preoxidation with ozone applied before sand, anthracite or
dual media filtration units followed by GAC (BAC) adsorption in European
water treatment plants has resulted in extending the times between back-
washing in each medium by a factor of about 2.

17) One older European plant replaced breakpoint chlorination with BAC in
1977 at no increase in annual operating costs, including allowances for
annualized capital costs.

18) 1In retrofitting BAC systems into existing drinking water treatment
plants as post-adsorbers (after sand or other medfa filtration), provision
should be made to incorporate air scouring into the backwash cycles of both
the filtration and granular activated carbon media.

19) Biodegradable organic materials generally are polar and less tightly
held by granular activated carbon upon adsorption. Non-biodegradable
organics tend to be non-polar also, for example, many of the halogenated
organic compounds produced upon prechlorination. Some of these non-polar,
non-biodegradable organic materials can be adsorbed to a higher degree and

be held more tightly by GAC. Because of these differences, some halogenated
organic compounds are able to displace Tess strongly adsorbed, polar organic
materials from GAC surfaces by the process of desorption. As a result, even
though a biologically enhanced GAC adsorber may be operating at biological °
equilibrium and appears to be saturated with respect to adsorption of biodeg-
radable organic materials, it sti11 can be capable of adsorbing non-polar,
non-biodegradable organics which may be present. In such instances, reactiva-
tion should be carried out only when the non-polar, non-biodegradable
materials begin to break through the GAC medium.

20) A suggested screening test can be conducted to determine if a specific
raw water supply will be benefitted by biologically enhancing GAC. The
amount of biodegradation which can occur in the raw water can be determined,
say by use of a Warburg respirometer. Next, another sample of the raw water
can be ozonized with Tow utilized ozone dosages (1 to 10 mg/1), and the
amount of biodegradable material now present is compared with that of the
non-ozonized raw water. If oxidation of the organic materials present with
ozone does not increase the rate of biological activity (the amount of
biodegradable materials present), then it can be concluded that BAC will not
show any advantages over GAC for that water supply. On the other hand, if
the amount of biodegradable organic material present is increased by low
Jevel ozonation, then biological enhancement of GAC should provide performance
advantages. The extent of such improvements must be determined for each raw
water supply in order to assess whether these process improvements will
justify the increased costs for chemical preoxidation, preoxygenation or
preaeration,
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21) For a hypothetical 50 mgd drinking water treatment which has installed
GAC columns having empty bed contact times of 9 minutes and which must be
reactivated every two months, it has been shown that if preoxidation with 2
mg/1 of applied ozone dosage will extend the GAC reactivation time to six
months, the costs associated with installing this amount of ozonation equip-
ment are balanced by the savings in GAC regeneration costs. Further extension
of the GAC reactivation time (to two and three years as currently occurs in
some European drinking water treatment plants using BAC processes) will
provide additional operating cost savings. |

1



SECTION 3
RECCMMENDATIONS

1. Investigate the applicability of various biological water treatment
processes for treatment of drinking water. This would include the use of
granular activated carbon, but also other adsorptive or inert media. Such
studies should be conducted on systems not using initial breakpoint chlorina-
tion and, ideally, on systems using no prechlorination at all. Examples of
typical treatment systems to be tested are given in Figure 1.

2. Confirm the non-pathogenic nature of bacteria in biologically active
GAC media and in the effluents from such media.

3. ldentify the endotoxins produced by these microorganisms and determine
their toxicological significance.

4, Conduct studies to confirm the nature of the operative mechanisms
occurring with BAC, i.e., adsorption/desorption versus apparent biological
regeneration.

5. Obtain more detailed operating information at selected European plants,
including the Rouen, Dohne, Dlsseldorf, Rotterdam and Schierstein plants.
Such information would include characteristics of influent and BAC media
effiuents with respect to TOC, COD, DOC, UV absorption, TOC1, ammonia, etc.
Determine the specific parameters used at each operating plant to ascertain
when the BAC must be reactivated.

6. Determine the operational costs and treatment consequences of doing
away with prechlorination in drinking water treatment plants. For example,
modification of filter bottoms to allow air scouring and the necessity for
more frequent backwashing. Operate prototype U.S. plants in both modes
(chlorination versus preoxidation by other means) over a (minimum) one year
cycle.

7. Screen a variety of raw water sources to determine the applicability of
biological treatment processes. Categorize raw waters according to the
biodegradability of their organic components before and after preoxidation.

8. Evaluate European water treatment operating practices with particular
emphasis on GAC used without preoxidation.

9. Demonstrate biological processes for nitrification of ammonia as
passible replacements for breakpoint chlorination.

12
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10. Study use of oxidants other than ozone for the preoxidation step.
Candidate oxidants other than ozone {include H%O » KMnOgq, UV (plus air or
oxygen), C102 (free of excess chlorine) and C Nﬁz (free of excess chlorine).

11. Study parameters affecting bacterial breakthrough in biologically
enhanced GAC adsorbers, such as has been reported in studies conducted at
the Schierstein, Federal Republic of Germany drinking water treatment plant
after three years of use. It is possible that a bacterial monitoring para-
meter should be considered for BAC systems.
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SECTION 4
EVOLUTION OF DRINKING WATER TREATMENT PROCESSES

EARLY METHODS OF TREATING WATER

The treatment of water for potable purposes has been conducted in a
variety of manners during the history of mankind. Early practitioners
believed that filtration of seawater through sand would purify it suffi-
ciently for drinking. Others prescribed the settling of water in copper
containers. Still other methods called for exposure of water to sunlight
and, interestingly, filtration through charcoal (Baker, 1949).

Throughout the centuries, however, techniques used for purifying
drinking water began to evolve a common treatment theme. The initial
methods used were physical in nature -- first sedimentation and later
various filtration methods. Coagulation by chemical addition was used in
ancient Egypt, China and India, but was not practiced widely until the first
third of the 19th century. Alum and other chemicals for coagulation were
first used in the United States around 1885 and became accepted practice in
the eariy 1900s.

Likewise, the use'of certain types of chemicals for disinfection has
been practiced for a long time. Early attempts at disinfecting were by
boiling. Chlorine was first used in the United States in 1908 in a large
scale water works at the Boonton Reservoir of the Jersey City, New Jersey
Water Works.,

The use of bacterial action for purifying water is not considered in
the classic U.S. texts on water treatment, although it is common knowledge
that bacteria present in surface waters are the key actors in purifying
those waters naturally through stabilization or decomposition of organic
materials.

Infiltration of polluted surface waters through a soil mantle consti-
tutes an efficient combination of biological and physical treatment processes
which results in purified groundwaters. Infiltration occurs in two phases:
first, infiltration through the air-saturated (aerobic) zone, then through
an air-deficient (anaerobic) zone. Organics removal occurs mainly in the
unsaturated zone,

The upper layers of soil constitute effective biological filters.

Evidence indicates that microbial action for purposes of stabilizing organic
materials does not usually exceed 3 meters of soil depth. This is because

15



most types of bacteria cannot survive in the highly competitive environmen*
(Hutchinson & Ridgeway, 1977). In the saturated zone, pollutant removal is
Timited to adsorption. Some microorganisms may be present, but are carried
passively by the flow. Horizontal microbiological penetration through soils
can be as much as 30 meters (Romero, 1970).

Biological treatment of wastewater, either through the classical
trickling filter method or by the more recent activated sludge process, has
been practiced successfully for more than half a century. The so-called
"trickling filter” process was developed in England and was first installed
there in 1893. In this process, bi.logical processes are promoted on the
surface of the very coarse media which also provide a small degree of filtra-
tion.

The activated sludge process also was developed in England (1914) and
was so named because it involved the production of an activated mass of
microorganisms capable of aerobically stabilizing a waste stream (Metcalf &
Eddy, Inc., 1972). The trickling filter process, also developed in England,
js a combination of physical (filtration) and biological processes. The
first trickling filter was installed and operated in England in 1893.

Several other methods of purifying drinking water have been applied
with varying degrees of success over the past century. Physical methods
(such as microstraining) are used successfully in England and the Federal
Republic of Germany. Ozone, although rarely used in the U.S.A., is now used
in at least 1,039 drinking water treatment plants throughout the worid, as
of 1977 (Miller et al., 1978). Many other oxidants also are used; these
include chlorine dioxide, chlorine and potassium permanganate.

COMBINATIONS OF PHYSICAL, CHEMICAL AND BIOLOGICAL PROCESSES

Twentieth century processes for treating water for potable purposes
have changed appreciably in some respects, but not {n others. The methods
that have evolved over the years are either physical, chemical or biological
in nature. As noted, early methods were mainly physical in nature. Chemical
rethods came to be practiced much later on. Today, faced with ever {ncreasing
population growth, man-made pollution and rising costs of service delivery,
biological treatment processes coupled with physical and chemical methods
are being restudied and employed because of their efficiencies and their
relatively low costs.

In describing water treatment developments in Europe, Rook (1976) noted
that "national differences have led to a number of (treatment) schools: the
English school practices purely biological treatment; the French school
adheres to flocculation, often induced by pulsation, with ozone used as a
disinfectant and color oxidant; many German water engineers swear by the
wholesomeness of groundwater, to such an extent that in some instances fully
chemically treated river water is used for artificial replenishment of
groundwater"”.

16



This report will focus on biological water treatment processes, primarily
on those occurring in granular activated carbon contactors or adsorbers
enhanced by a preoxidation step. Before introducing the concept of treating
drinking water biologically, it will be useful to review the purposes for
treating drinking water.

OBJECTIVES OF DRINKING WATER TREATMENT

The ultimate objective of water treatment is to provide a palatable,
safe supply of water to the public at minimum cost. Water must be treated
in many cases because (1) groundwater supplies may contain high levels of
dissolved solids, minerals or undesireable contaminants or (Zg surface
waters have become polluted by urban and agricultural runoff, industrial
discharges and/or municipal wastewater treatment plant discharges. Srpecific
objectives of water treatment are to reduce levels of turbidity to acceptable
levels and to ensure removal of chemical, microbiclogical and viral contami-
nants, These objectives are attained by subjecting the raw water to a
series of unit treatment processes.

Various combinations of physical, chemical and biological treatment
processes have been developed and are practiced widely in Europe. To
illustrate some of these treatment process combinations, several simplified
process flow diagrams of processes being practiced during 1978 at selected
guropean drinking water treatment plants are presented in Figures 2 through

Each of these plant processes represents a different approach to
drinking water treatment and includes at least one biological treatment
step. The specific process chosen depends upon (1) local conditions, (2)
the raw water source, (3) plant resources available, (4) local philoscphy of
water treatment and (5) standards for finished water quality in the respective
countries. Yet each process {s made up of a combination of physical, chemical
and biological steps. The physical and chemical unit processes are readily
recognized, but the biological process steps require identification.

River sand bank filtration at the DUsseldorf, Federal Republic of
Germany, plants removes 60 to 75% of the TOC and some ammonia during ground
passage, which requires about three weeks. (River sand bank filtration is
required at all German plants using the lower Rhine as a raw water source.)
Most of this removal occurs biologically. Additional biology in the granular
activated carbon columns contributes to organics removal and ammonia conver-
sion,

In the la Chapelle plant at Rouen, France, most of the conversion of
ammonia occurs in the 100 cm deep sand filters placed after preozonation.
Most of the biological degradation of dissolved organic chemicals takes
place in the 75 cm deep granular activated carbon beds. That these organic
materials are biodegradable at Rouen is evidenced by the lack of need to
reactivate the GAC after nearly three years of use.

17
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At the Dohne plant in Milheim, Federal Republic of Germany, most of the
ammonia conversion occurs in the sand filters, after ozonation and after
addition of pure oxygen. Biological degradation of organics then occurs in
the GAC columns. The 4 meter deep GAC adsorbers have not required reactiva-
tion quring the first year of use, and plant management does not plan to
reactivate the GAC there for at least two years of use. This decision is
based upon results of a detailed pilot plant study using the BAC process.

Before entering the Kralingen plant in Rotterdam, The Netherlands,
biological activity in the raw water is promoted by aeration of one of the
two raw water storage reservoirs during an average retention time of 3
months. Aeration also prevents stratification in this reservoir. Curing
this time, levels of ammonia and TOC are lowered as a result of nitrification
and bfodegradation, respectively. Additfonal biological actifvity is present
in the sand filters and GAC contactors of the plant {tself.

In the Lengg plant in Zlrich, Switzerland, some biological degradation
is known to take place both in the granular activated carbon adsorbers and
in the following slow sand filters. However, the raw water supply from the
Lake of ZlUrich is of very high quality (less than 2 mg/1 TOC), and the
resulting nutrient accumulation in the GAC and sand medfa is insufficient to
sustain high levels of bacterial proliferation.

At the Aubergenville plant, located downstream of Paris on the Seine
River, well water is treated by chemical clarification, cascade aeration,
phosphorus addition, biological nitrification, ozonation and post-chlorina-
tion. This specific process sequence has been used since 1969, although the
?;g}ogical nitrification step was used when the plant was constructed in

Finally, recent pilot plant studies at the Choisy-le-Roi plant on the
Seine River in the Paris, France suburbs has been conducted on ozonation of
raw Seine River water, followed by chemical addition and two day detention
before introductfon into the treatment plant itself (Gerval, 1978, 1979).
This new technique has replaced breakpoint chlorination followed by dechlori-
nation by sodfum bisulfite. This modified process has produced significant
savings because of biological action and 1s being added to the full-scale
plant treatment process ?Schu1hof. 1980). Biological nitrification now
occurs in the rapid sand filters.

In the detention tank before entering the plant, ammonia and TOC
levels are lowered biologically. After subsequent processing, the post-
ozonation step now requires about half the ozone dosage that was required
without preozonation. Overall, the total amount of ozone now used in pre-
and post-ozonation at Choisy has been reduced by 25% to 33%. Furthermore,
the product water now contains less TOC and the chlorine dioxide post-
disinfectant demand also {s lowered.

This recent process modification at the Choisy-le-Roi plant was based
on everal years of successful operation at the East Moscow, Russia water
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treatment plant, constructed by the French Compagnie G&né&rale des Eaux
(Schulhof, 1979).

A more recent program to upgrade the three large water treatment plants
in the Paris suburbs has been presented by Schulhof (1980). At each plant,
plans have been made and construction has been initiated to install triple-
stage ozonation and biologically enhanced sand filters and GAC adsorbers.
Raw river water will be treated with low levels of ozone (less than 1 mg/1)
and the ozonized water allowed to stand in storage 2 to 3 days, during which
time some settling and biological degradation will occur.

A second ozonation (0.5 to 0.8 mg/1 dosage) will follow, then chemical
treatment (aluminum polychloride, powdered activated carbon), flocculation/-
sedimentation, then sand filtration. Most of the nitrification of ammonia
will occur in these sand filters. The third stage of ozonation will be
next, for disinfection, followed by GAC adsorption. Finally, chlorination
(0.2 to 0.3 mg/1 residual) will be provided prior to: distribution. A schema-
tic diagram of this treatment process is shown in Figure 9. Notice that
chlorine is added only after the maximum amount of dissolved organics have
been removed. This treatment approach will minimize the amount of chlorinated
organics which will form in the treated water.

REMOVAL OF ORGANIC CHEMICALS THROUGH BIOLOGICAL TREATMENT
Introduction

From the time when municipal water supplies first became a reality for
mankind until the early 1900s when chlorine was first used as a water disin-
fectant, primary emphasis has been placed on finding treatment methods to
prevent outbreaks of diseases such as cholera, dysentery and typhoid fever,
all of which are waterborne diseases. Chlorination, along with improved
methods of filtration, sedimentation and coagulation, served to reduce the
risk of transmission of these diseases by bacteria present in the finished
water supplies to the point that the problem today is almost non-existent in
the U.S.A. and other deveiloped countries.

During the 1970s, however, a new problem has been presented to water
treatment scientists and practitioners. This is the problem of potentially
hazardous organic chemicals in finished drinking water supplies. Some of
the more than 700 organic chemicals identified to date in raw or treated
water supplies are known or suspected carcinogens to animals or humans. The
precise threshold levels at which they may be carcinogenic to humans currently
are unknown. In order to reduce the potential risk to the general populace
and to protect the public health, the water supply industry must address
itself to this new problem. The U.S. Environmental Protection Agency has
been studying treatment techniques for removal of these types of organic
chemicals for several years.

The majority of these potentially harmful organic chemicals are a
result of industrialization. More than 4,000,000 different organic chemicals
are now in existence, more than double the number which existed only a
decade ago. They find their way into raw water supplies in numerous ways --
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through industrial discharges, urban and agricultural runoff and by accidental
spills during transportation from one part of the country to another.

The so-called "conventional" water treatment process that has served
the U.S. water treatment industry in such good stead for several decades now
is being recognized as inadequate for removal of most of these man-made
organic chemicals. Many European countries, with no strongly unified conti-
nent-wide control legislation to protect surface water supplies ‘rom indust-
rial contamination, have been forced to investigate and put into practice
what to United States specialists are viewed as advanced drinking water
treatment techniques. Many of these techniques are quite expensive,, especial-
Ty in first-time capital cost. As a result, the Europeans have sought to
offset the expenses associated with the use of ozonation, granular activated
carbon and other high cost techniques by exploiting biological treatment
processes, Such processes sometimes are viewed in the U.S.A. as {nvolving
risks of biological contamination of the processed waters. Nevertheless,
they are being utilized on full-scale in many European drinking water treat-
ment plants, where they offer substantial treatment benefits. When properly
designed and controlled, biological processes, as they are being practiced
in European water treatment plants appear to entail few, 1f any, public
health risks. The remainder of this report wil) be devoted to discussion of
the use of these biological water treatment processes.

Contrasting Water Treatment Philosophies - USA & Western Europe

European water treatment philosophies and practices are somewhat
different from those in the U.S.A. The Europeans appear to adopt more of a
systems approach to water treatment. This means that they determine the raw
water quality, define the qualities and character{stics that the finished
water shouid possess and then design a new treatment plant or upgrade an
existing plant process to achieve that quality goal.

In the United States, an inordinate amount of emphasis and faith has
been placed on a "conventional" treatment and, until recent years, there has
been 1ittle concern as to the chemical qualities of finished drinking waters.
American water treatment practitioners traditionally have been more concerned
with bacteriological quality of drinking water than with chemical quality,
and they have used the amount of chlorine necessary to ensure (presumably)
achievement of that bacteriological quality without concern for the chemical
quality side effects that decision entailed.

Europeans cannot understand the American obsession for using large
amounts of chlorine nor why Americans eschew the use of biological processing
steps in drinking water treatment. On the other hand, American water treat-
ment officials believe that European systems are too costly and they are
concerned about the deliberate promotion of bacterial growths as part(s) of
the water treatment process.

The major differences in approaches to water treatment appear to be two
in number:
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(1) The Europeans, espegially the Dutch and Germans, do not 1ike to add
chemicals to water; preferring physical and biological methods, unless
chemical use is absolutely necessary;

}
(2) The Europeans afg/not concerned with "a few bacteria” in the water (as
long as they-are non-pathogenic in nature), believing that chemical
safety 1slgpre important than protection against non-pathogenic bacteria.

According to Prof. Dr, Heinrich Sontheimer of the Engler-Bunte Institute
of the University of Karlsruhe, Federal Repubiic of Germany, American and
European water treatment practices were quite similar until a few years ago
when 1t was discovered that breakpoint chlorination causes potentially
harmful halogenated organic compounds to be produced. As a result, the
Germans began to study treatment techniques that could replace breakpoint
chlorination. One of the techniques studied, and which now is being used on
full scale, involves a biological treatment step, which can occur on the
surface of sand filters, on the surfaces of anthracite or hydroanthracite
mgdiaband on the surface and in the macropores of granular activated carbon
adsorbers. .

Prof. Sontheimer cautions that biological processes should be taken to
completion in the water treatment plant (i.e., all of the biodegradable
materials should be allowed to biodegrade in the water treatment plant
filters and adsorbers), otherwise biogrowths can occur in the distribution
systems, unless larger than desired amounts of residual disinfectants
(chlorine, chlorine dioxide or chloramines) are applfed. Thus, biological
activated carbon and other biological treatment steps were tried initially
because the Germans were studying the use of biological treatment processes
to substitute for chemical addition, specifically prechlorination.

It should not be inferred from the above discussfon that European
technology has been far in advance over that of the United States regarding
the use of biological processes in water treatment. References to current
European drinking water literature (Water Research Center, 1977) indicate
that there is no widespread consideration of biological processes as being
commonly used continent-wide. However, "ammonia removal using biological
practices is practiced on a 1imited scale in France, Germany and the United
Kingdom" (Water Research Center, 1977). It would appear, therefore, that
should the United States water treatment industry seriously consider the use
of biological treatment processes in drinking water treatment, we would not
be far behind the European level of knowledge on the subject.

Treating A Dilute Water Stream

The use of microorganisms, particularly bacteria, to treat water can
require adaptation of some of the techniques utilized in wastewater treatment.
Raw water supplies normally are far purer than 1s the average treated waste-
water. Therefore, the pollutants present in raw drinking water normally
will be present in far more dilute concentrations than those present in
wastewaters. However, the same basic mechanisms apply to biological oxida-
tions conducted in either medium, including nitrification and denitrifica-
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tion. Basic sanitary engineering textbooks (Metcalf & Eddy, 1972; Water
Pollution Control Federation, 1977) include discussions of biological proces-
ses which may be used as reference materials as long as the reader remembers
the vast difference in quality between raw drinking water and raw wastewaters.

Secondary treated municipal wastewater effluents in the United States
normally contain 10 to 30 mg/1 of BODs and a similar concentration of suspen-
ded solids, Tertiary treatment can reduce these concentrations to less than
10 mg/1. Raw water supplies, even when obtained from polluted surface water
sources, usually contain a lesser concentration of biodegradable organic
substances than do secondary treated wastewaters. Thus, when one attempts
to apply biological wastewater treatment process theories to drinking water
treatment, the relatively low concentration of dissolved organics must be
taken into account, as well as a relative level of biodegradability.

Consider a dilute water or wastewater stream containing 10 mg/1 or less
of total organic carbon {TOC). The organic portion of this water stream can
be divided, theoretically, into four fract{ons as follows:

1-Biodegradable, Adsorbable
Biodegradable [::
Compounds 2-Biodegradable, Non-adsorbable

Raw Water

J-Non-bfodegradable, Adsorbable
Non-biodegradable
Compounds

4-Non-biodegradable, Non-adsorbable

If a substantial portion of the raw water stream consists of organics
which fall into Fractions 1 or 2, the potential exists far biodegradation to
occur, either in a sand, anthracite or hydroanthracite filter, or in a
granular activated carbon adsorber, without necessarily requiring preoxidation.

The biological oxidation potential of the raw water constituents,
particularly those of the type of Fraction 3, may be increased further by
subjecting the water stream to preoxidation. By oxidizing the components
of Fraction 3 with ozone, for example, high molecular weight organic molecules
that normally are not readily biodegradable can be converted into smaller,
lower molecular weight organic molecules which now contain more oxygen than
did the original organic materials and which are now more readily biodegraded.

In a water treatment process such as that shown in simplified form in
Figure 10, the use of ozone followed by filtratfon then granular activated
carbon adsorption should be effective {f biodegradable components of the
types comprising Fractions 1 and 2 are relatively low in concentration and
the types comprising Fraction 3 are high in concentration. Using the same
reasoning, if the stream to be treated consists mainly of biodegradable
organic compounds, neither ozonation nor granular activated carbon may be
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required. Slow sand filtration alone may remove a substantial portion of
Fraction 1 and Fraction 2 materials biologically.

According to Sontheimer (1978), two general conditions must exist in
order for significant biological activity to occur in granular activated
carbon media. First, the dissolved organic materials present must be
adsorbable by the carbon; second, they must be of such a molecular nature
that they can be biodegraded at or near the activated carbon surface.

There are substances that fall {into neither of these categories, and
these will pass through carbon adsorbers and ather biologically active media
without being adsorbed and without being biodegraded (Fraction 4).

One should be cognizant of the fact that segregation of the organic
components of a dilute stream into these four fractions is merely a convenient
way of developing a useful hypothesis of the biological and adsorptive
removal of organic chemicals from solution. A number of caveatemptors
should be mentioned, however, in order to alert the reader to potential
pitfalls that may be encountered during actual drinking water treatment
practice:

(1) In general, the more biodegradable an organic compound {s, the less
adsorbable (by GAC) 1t fs. This 1s due to {ts increased polarity as a
result of containing more oxygen atoms. On the other hand, the less
polar an organic compound is ?the more non-polar the compound) the more
adsorbable %by GAC) it will be. The converse also {s true: the more
polar a compound is, the less readily adsorbed by GAC the compound will
be.

Thus, when ozone oxidizes the readily adsorbed, non-polar organic
compounds, this will result in more polar, more biodegradable, but less
easily adsorbable compounds being formed.

(2) According to several prominent European water treatment scientists who
have studied the use of ozone for many years, ozonation should be
followed by either coagulation/filtration or an adsorption step. In
quantities normally used in treating drinking water (1 to 5 mg/1),
ozone will rarely oxfdize organic materfials completely to carbon dioxide
and water. Reduction in concentrations of TOC due to ozonation alone
is very modest in Maas River water (Rook, 1972).

Therefore, one of the primary disadvantages of chemical oxidation
techniques for organics removal i{s that oxidation often results merely
in chemical changes in the chemical structures of organic compounds
present, but it does not, in general, result {n their total removal.
Non-biodegradable organics may be converted to biodegradable compounds.
This results in a lower COD concentration, but in a commensurate increase
in BODg. Therefore, a biological or adsorption step becomes necessary
to effect BODg removal (Gauntlett & Packham, 1973a, 1973b).
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(3) When biological action 1s promoted in carbon adsorbers by preoxidation,
chlorine should not be used in breakpoint quantities as a predisin-
fecting or preoxidizing agent. The use of chlorine results in some
strains of bacteria belng destroyed and promotes competition among
surviving types. There is also evidence to show that bacterial concen-
trations are much higher in solutions leaving activated carbon columns
than in the influent solutions, even when high levels of chlorine are
applied (Hutchinson & Ridgeway, 1977). In addition, the surviving
bacteria now are so resistant to chlorine that they may persist through-
out the distribution system.

(4) Sonthefmer (1978) notes that the biological treatment step should be
carried to completion, 1.e., a1l of the biodegradable material should
be completely converted to C0» and water. Otherwise, biodegradable
organic materials will remafn that could continue to provide food for
bacteria in the distribution system.

(5) One of the concerns regarding the use of a biological treatment step,
for example, granular activated carbon preceeded by ozonation, is that
bacteria will slough off the carbon column and be present in the column
filtrates. However, frequent backwashing, properly sizing the depth of
the activated carbon and controlling bacterial growth rate kinetics
appear to be adequate mechanisms for prevention of bacterial "slough
off". With regard to this latter condition, Characklis (1973) states
that the growth rate of slime-forming bacteria becomes limited when the
attaching surface becomes completely covered with a single layer of
cells. At this point the rate of increase in mass of organisms shifts
from logarithmic to 1inear.

GAC Adsorption Preceeded By Ozonation As An Organics Removal Technique

After years of research; the U.S. Environmental Protection Agency's
Water Supply Research Laboratory in Cincinnati has concluded that granular
activated carbon adsorption {s the most effective technique currently
available for broad range removal of organic chemicals from drinking water
(Symons, 1978). The primary concern regarding GAC is its high cost, both in
terms of capital costs and the recurring cost of frequent regeneration of
the carbon. Research conducted at the Diisseldorf, Federal Republic of
Germany, city waterworks has shown that organics removal, when ozonation is
applied prior to GAC filters, is greater than the amount of removal that
could be attributed to that of GAC and ozonation acting independently (Hopf,
1960). Thus it was concluded that a synergistic effect must exist. After
further fnvestigation at Dlsseldorf, Bremen and Mdlheim in subsequent years,
it has been concluded that additional organics removal {s the result of
biological activity in the carbon columns.

In European pilot studies and in drinking water treatment plants it has
been shown by many workers (Scheidtmann, 1975; Schalekamp, 1975; Van Lier et
al., 1975; Sontheimer, 1975; Eberhardt, 1975; Van der Kooij, 1975; Kihn,
Sontheimer & Kurz, 1978; Gomella & Versanne, 1977; Sontheimer et al., 1978)
that preozonation followed by activated carbon adsorption resuTts in:
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° Increased capacity of the carbon to remove organics (by a factor of
about 10),

) Increased operating 1ife of the carbon columns before having to be
regenerated (up to 3 years), especially if the GAC can be kept free of
halogenated organics,

. Biological oxidation of ammonia fn inert medfa and GAC columns, which
occurs simultaneously with removal of dissolved organics,

. Use of less ozone or less GAC for removing a given'amount of organics
than using either process alone (BAC can be cost-effective over ozonaticn
or GAC in removing Dissolved Organic Carbon - DOC).

Independent studies on physical/chemical treated sewage at the Cleveland
Regional Sewer District (Guirguis et al., 1976a,b,c,d; 1978) and in Israel
(Wachs et al., 1977), have confirmed these advantages with respect to removing
organic materials.

The terminology, Biological Activated Carbon has been applied by Rice
et al. (1977, 1978} and Miller et al. (1978) to the combination of treatment
processes consisting of (1) ozonatTon followed by (2) filtration through an
inert medium, such as sand or anthracite, followed by (3) adsorption in
Granular Activated Carbon columns or beds. However, chemical oxidants other
than ozone, and sometimes simply aeration, can be used in step (1). A
reoxygenation step may be desirable before passage of the water through GAC,
in order to maintain high levels of dissolved oxygen. This {s because
biological activity in the inert medium also results in conversion of dissol-
ved organic carbon to CO, and of armonia to nitrate, and the CO content of
the inlet water is lowered correspondingly. Figure 11 shows a schematic of
the BAC subsystem. Figure 12 expands upon the subsystem shown in Figure 11.

Granular activated carbon and the preceding inert filter media (sand,
anthracite, etc.) are made biologically active by the deliberate introduction
of sufficient dissclved oxygen (DQ) to aqueous streams Just before they are
passed through the filter media or GAC columns or beds. As long as the
influent water contains sufficient DO to maintain aerobicity of the bacteria
and sufficient dissolved organic carbon to provide food, the aerobic bacteria
will thrive in this environment. Eberhardt (1975) has likened bacterial
actlvity in such an ideal environment to a "herd of cows grazing in a luscious
meadow".

In Section 9 the available information on the performances, mechanisms
of action and technological benefits are discussed. Costs aspects are
discussed in Section 11 and in Section 12, design considerations are’discussed
which must be considered when installing biological treatment processes, as
practiced in Europe, into United States water treatment plants.
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SECTION &
A REVIEW OF BIOLOGICAL PROCESSES USED IN DRINKING WATER TREATMENT

For purposes of this report, biological processes for treating drinking
water can be divided into two categories: (z? those that occur naturally
when only a medium of growth and proper nutrients are provided: and (2)

those that are stimulated or enhanced by a chemical oxidation step. It
should be recognized that generally the same biological processes occur in
processes listed in both categories, and that the pretreatment techniques
involving chemical oxidation merely change the nature of the sutstrates
utilized by the bacteria. This section provides a review of the ‘raditional,
well-known natural processes and previews the newer processes that are
commanding more attention currently.

RIVER SAND BANK FILTRATION (UFERFILTRATION)

Along the lower Rhine River, in the region around DUsseldorf, Feceral
Republic of Germany, the river banks are comprised of diluvial gravel and
sand sediments. Advantage is taken of these deposits by utilizing them as
natural filtration media. A1) water works located in this region and on the
Rhine take water not from the Rhine directly, but from 10 to 30 m deep,
vertical or horizontal, wells situated 50 to 250 meters from the river
itself (Poggenburg, 1975).

. About two-thirds of the water taken from these wells 1s Rhine water
which has passed into the wells over an average period of three weeks. The
balance is groundwater which flows from the land to the Rhine.

During the three week time of passage from the Rhine to the wells,
about 60 to 70% of the organic materials present {n the river water {s
removed by means of biological processes. Those organics removed are the
easily biodegraded materials originally present in the river water. The
more biorefractory organic compounds, such as halogenated organics, pass
through the river sand bank filters unaffected, and enter the treatment
plant.

The combined bank filtrate and groundwater in the wells is clear and
almost always bacteriologically acceptable (Poggenburg, 1975). In addition
to removing the easily biodegradable organic materials originally present in
the Rhine River, the river sand bank filters reduce some of the nitrate fon
present to nitrite and ammonfa (Hopf, 1970b). Also, iron and manganese are
extracted from the sand and are present in the raw water entering the treat-
ment plant. A1l of these contaminants then are treated in the plant by

other techniques.
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. Further details on the processes occurring during river sand bank
filtration can be found in the description of the Dlisseldorf water treatment
process in Appendix C of this report and in recent articles by Kussmaul
(1979), Piet (1979), Piet & Zoeteman (1980) and Sontheimer (1980).

SLOW SAND FILTERS

Although alT treatment processes may have some effect on the micro-
biological quality of water, only certain of these processes are biological
in nature. A classical biological action in water treatment occurs in slow
sand filters. Removal of impurities by slow sand filtration is effected by
a combination of different processes. The most important of these are
mechanical straining, sedimentation and some adsorption, chemical and biologi-
cal activity. Through chemical and biological oxidation, ammonia is converted
to nitrate and soluble ferrous and manganous compounds compounds are oxidized
into insoluble ferric and manganic compounds.

The magnitude of the bacterial activities necessary to effect these
biological changes are most pronounced in the upper part of the filters, but
biological activity continues to a depth of 0.4 to 0.7 meter. Several types
of predatory organisms thrive in this upper layer of the filter bed. However,
in the lower part of the bed, the level of concentration of the organic
matter has been reduced to the point that few bacterfa are able to survive.
Similar conditions arise 1n granular activated media.

Depending upon whether the slow sand filter is constructed open or
closed, a significant reduction in concentration of organic matter can
occur. This {is brought about by the presence of a thin, shiny matting on
top of the sand, which consists of threadlike algae and numerous other forms
of aquatic 1ife.

When water is filtered at a slow rate through fine sand, a biologically
active filter mat forms in the top few centimeters of the sand. This mat,
termed a "schmutzdecke", removes suspended matter, bacteria and modifies the
character of the water biochemically. There is evidence that the ability of
slow sand filters to remove microorganisms is due to microbial competition
and predation of protozoa and invertebrates (Hutchinson & Ridgeway, 1977).

According to Huisman (1978), the most important purifying action of a
slow sand filter is the removal of bacteria, including E. coli, and pathogens
when they are present in the raw water. The total bacterial count may be
reduced by a factor of 1,000 to 10,000 and the E. coli count by a factor of
100 to 1,000,

According to Rook (1974), for many lake waters and some impounded
surface waters in which the contents of biorefractory organics remain low,
slow sand filtration is the best technical means of providing a single step,
efficient reduction in levels of pathogenic and coliform organisms and
producing biooxidation of ammonia and biodegradable organic matter.

Recently Schmidt (1978) has described the removal of micropollutants
(dissolved organic compounds) in slow sand filters.
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STORAGE OF SURFACE WATERS

.Although principally used for reasons other than storage, many valuable
chemical and biological changes in the characteristics of the raw water can
occur when surface waters are stored. Specific changes include reduction in
the concentrations of organic materials, reduction in bacterial levels in
general and in virus, pathogenic bacteria and fecal organism levels in
particular. Mechanisms by which these actions occur include ultraviolet
radiation, natural flocculation and sedimentation, competition for available
nutrients, production of biocidal waste products by various microorganisms,
and predation by protozoa and possible parisitic bacteria of the genus
Bdellovibrio (Fry & Staples, 1976; Hutchinson & Ridgeway, 1977).

British research sclentists have reported biological sedimentation
methods for removal of ammonia, which can occur during reservoir storage.
This is achieved by controlling the water flow closely in horizontal and
upflow tanks and thereby holding a biofloc seeded on river silt, sand or
alum floc in suspension. The ammonia can be removed if a large enough
?g;;gce area of biologically active floc is maintained (Milliner et al.,

COARSE MEDIA BIOLOGICAL REACTORS

Coarse media reactors have been applied successfully in drinking water
treatment plants for biological conversion of ammonia-nitrogen to nitrate-
nitrogen and have the potential for biological denitrification. A survey of
European water treatment practice (Water Research Center, 1977) states that
biological conversion of ammonia is practiced on groundwaters in France at
Croissy, Aubergenville and Villeneuve.

The 7,000 cubic meter per hour (44 mgd) Aubergenville water treatment
plant which supplies water to the suburbs of Paris, France has included a
biological nitrification process since 1961 (Blue, 1979). Water drawn from
wells in the vicinity of the Seine River contains ammonia levels of approxima-
tely 3 mg/1. Treatment includes chemical clarification, cascade aeration,
nitrification, filtration, ozonation and post-chlorination. Ammonia concent-
rations are reduced from 3 mg/1 as the water enters the nitrification reactor
to a level of 0.1 to 0.2 mg/1 leaving the reactor. This level is further
reduced to only trace quantities after sand filtration. A dosage of 0.1 to
0.2 mg/1 of phosphorus (as P205) is added to the water before it passes
upward through the 2.5 meter (8.2 feet) deep bed. Supplemental air is
provided by blowers on a cycle of 2 munites on and 6 minutes off. The
reactor medium is 0.15 cm to 0.5 cm pozzolanic (volcanic stone) material.
Further information on the Aubergenville plant is provided in the Appendix.

FLUIDIZED BED NITRIFICATION

A fluidized bed bioreactor for intensified nitrification of ammonia has
been developed at the Water Research Centre in the United Kingdom (Jekel,
1978a). This bioreactor uses fine sand grains as a support medium for the
nitrifying bacteria. Several investigators have reported the feasibility of
carrying the reaction to completion by denitrifying the nitrate ion to
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nitrogen gas in an aerobic phase of biological sedimentation. This can be
achieved by the addition of methanol. Rook (1972) notes that this same type
of reactor can be used for biological denitrification of river water., It

has been demonstrated that fluidization of river solids and attached bacteria
can reduce nitrate ions to nitrogen effectively in feed waters made anaerobic
by dosing with ammonia and subsequently dosing with methanol.

GROUND PASSAGE OF TREATED WATER

This technique sometimes is used for further biochemical polishing of
treated waters. The Dohne plant at MUlheim, Federal Republic of Germany
subjects treated water to ground passage with a retention time of 12 to 50
hours. Prior to installation of the new BAC process at Dohne, dissolved
organic chlorine (COC1) concentrations were lowered from 151 ug/1 to 92 ng/1
during ground passage. In addition, total bacteria plate count numbers were
lowered from 3,700 counts/ml {n the GAC effluents to 27 counts/mi after
ground passage. DOC levels were lowered on the average from 3.4 mg/1 before
ground passage to 2.0 mg/1 after ground passage during 1975 and 1976 (Sont-
heimer, et al., 1978). .

When ground passage was first incorporated at the Dohne. treatment
plant, it was a necessary part of the treatment process, providing a desired
degree of polishing. Since installing the new BAC process, however, Dohne's
plant management is using ground passage only as a convenient method of
treated water storage. At the two other plants in MUlheim which were instal-
ling the BAC process in 1978, there will be no need for ground passage
because of the higher quality of water produced (Heilker, 1978).

BIOLOGICALLY ACTIVE FILTRATION MEDIA

Biological activity is known to occur in filtration media such as
anthracite, hydroanthracite and granular activated carbon. Anthracite and
hydroanthracite are used in dual media filters placed before GAC adsorbers
in water treatment processing.

Anthracite frequently is used as an upper layer in a dual media filter.
The lower layer can be a sand filter having.grain sizes of 0.5 to 2.0 mm.
In between, there can be a layer of coarser anthracite to form a graded dual
medium anthracite prefiltration unit which prevents blinding of the sand
filter. Anthracite also has a lower specific gravity than sand, so that
after backwashing, this coarser medium will settle on top of the sand filter.

Anthracite also 1is used as an upper layer in post-filtration activated
carbon adsorbers of the pressurized, down-flow type, found in the Clsseldorf,
Federal Republic of Germany, plants. While its purpose in these plants {is
to provide a medium for filtering insoluble ferric and manganic compounds,
anthracite also can provide a medium for bacterial growth.

Although no specific applications of this type have been noted in
European drinking water treatment plants, European water research scientists
have shown that both anthracite and hydroanthracite can support bacterial
growth. The primary difference between anthracite and granular activated
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carbon, with respect to supporting bacterial growth, {s that anthracite
behaves similarly to a trickling filter medium, whereas activated carbon can
accumulate nutrients through adsorption of organic molecules into macro-,
meso- and micropores.

BIOLOGICALLY ACTIVE GRANULAR ACTIVATED CARBON

Bacterial growths in granular activated carbon contactors have been
reported by many investigators. These growths can occur under either
anaerobic or aerobic conditions, provided that sufficient substrate is
avajlable and provided that toxic inhibitors are absent (Presecan, 1978).

In fact, addition of toxic inhibitors, such as chlorine, heavy metals,

silver or heat in the form of steam can prevent biological growths from
occurring. Until recently, these biological growths, especially in wastewater
treatment applicatians, have been viewed as nufsances, causing fouling,
increased head losses and production of hydrogen sulfide when the activated
carbon adsorbers were operated under anaerobic conditions.

In recent years, water and wastewater research scientists have begun to
recognize the beneficial effects of biological growths in granular activated
carbon adsorbers. Studfes by Weber & Ying (1977), Guirguis et al. (1978)
and Argo (1978) in wastewater treatment applications in the U.S.A. and by
Jekel {1977, 1978), Sontheimer et al. (1978) and by Schweisfurth and his
coworkers in the Federal Republic of Germany (Klotz, Werner & Schweisfurth,
1975; Werner, Klotz & Schweisfurth, 1978) have demonstrated that biological
action can contribute significantly to enhancing treated water quality and
reducing the frequency of granular activated carbon regeneration.

These effects can best be achieved by (1) using water streams containing
a substantial portion of biodegradable organic materials or substances which
can be converted into biodegradable materials by preoxidation, (2) elimination
of chlorination as an initial treatment step (i.e., breakpoint chlorination)
and (3) use of empty bed contact times (EBCT) of more than 10 minutes.
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SECTION 6
MICROBIOLOGICAL ASPECTS OF BIOLOGICAL ACTIVATED CARBON

In this section those fundamental principles of bfological activity
which are considered most germane to understanding the various phenomena
which are believed to occur in operating BAC systems will be discussed.
These biological processes take place during passage of the aqueous solution
through GAC in conjunction with the physical processes of adsorption/desorp-
tion. Both the biological and adsorption processes can be strongly affected
by the prior treatment step of chemical oxidation.

In addition, microbiological data will be discussed which have been
obtained from operating pilot piant or full scale plant BAC media.

GENERAL PRINCIPLES OF BIOLOGICAL ACTIVITY

Background for this discussion has been taken from Clark, Viessman &
Hammer (1971), Rafelson, Brinkley & Hayashi (1971) and Moat, 1979).

Several factors affect the growth and proliferation of aerobic microorga-
nisms, the most important of which include temperature, pH, availability of
nutrients, oxygen suppiy, the presence of toxins and type of substrate.
Psychrophilic (cold-loving) bacterfa grow best at temperatures slightly
above freezing (4°C to 10°C). Thermophilic (heat-loving) bacteria function
best at an optimum temperature range of 50°C to 55°C. Mesophilic (moderation-
Toving) bacteria grow best in a temperature range of 20°C to 40°C,

Most biological treatment systems operate best in a neutral pH environ-
ment. For example, the optimum pH range for operation of activated sludge
systems is between pH 6.5 and 8.5. At pH 9.0 and above, microbial activity
i{s inhibited. Below pH 6.5, fungi are favored over bacteria in the competi-
tion for food.

Bacterial toxins commonly present in water and wastewater include
certain heavy metals, such as copper, mercury, lead, zinc, cadmium, chromium;
polychlorinated organic materials and systemic poisons, such as cyanides.

METABOLISM (Rafelson et al., 1971)

Heterotrophic bacteria (those which use organic compounds as an energy
and carbon source) include the aerobes, anaerobes and facultative bacteria
(which use free oxygen, when available, but can also respire and multiply in
its absence). In heterotrophic metabolism, organic matter is the substrate
(food). However, the majority of organic molecules present in wastewater
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are in the form gf large (high molecular weight) molecules which cannot
penetrate bacterial cell membranes and be assimilated. In order to metabolize
high molecular weight substances, the bacteria must be capable of hydrolyzing
these large molecules into diffusible fractions for assimilation into their
cells. Bacteria perform this function by generating oxidation-reduction
enzymes, which are organic catalysts which aid in performing biochemical
reactions at temperatures and chemical conditions compatible with biological
life. Co-enzyme components of the enzyme systems determine what chemical
reactions will occur.

The primary product of aerobic metabolism is energy, according to
equation 1:

bacteria
Organics + oxygen —————)CO2 + HZO + energy eq. 1

Microorganisms use the energy thus generated to process organic matter
to create new cells. During heterotrophic metabolism of wastewater organics,
and for a given population of microorganisms, the maximum rate of removal of
organic matter occurs during periods of maximum biological growth. Conversely,
the lowest rate of removal of organic matter occurs when microbiological
growth ceases. In aerobic metabolism, assuming an abundance of dissolved
oxygen, biologically available carbon is the 1imiting factor. The supply of
substrate is rapidly exhausted through respiration of C02 and synthesis into
new cells. An aerobic process results in complete metabolism and synthesis
of the substrate into a large quantity of biological growth.

If the dissolved oxygen supply becomes depieted during metabolism,
anaerobes will develop. On the other hand, if the dissolved organic supply
becomes depleted, then the viable aerobic microorganisms will compete for
the small amount of substrate sti11 in solution. The rate of metabolism
thus decreases at an increasing rate, resulting in a rapid decrease in the
number of viable microorganisms. Starvation then occurs, such that the rate
of microbiological deaths exceeds the rate of cell production. The total
rass of microbial protoplasm decreases as the cells utilize their own proto-
plasm as an energy source. Under these circumstances, microbial activity is
termed endogenous. Cells become old, die and lyse (rupture), releasing
nutrients back into solutfon. Cell lysis decreases both the number and the
mass of microorganisms. Consequently, it is not possible to convert all
organic carbonaceous material present to CO02 by means of biological processes.

Chemical Reactions Involved With Metabolism

Metabolism involves a large number of individual biochemical reactions,
which can be grouped into the categories of the tricarboxylic acid cycle,
1ipid metabolism, carbohydrate metabolism, amino acid metabolism, or any
permutation of these. It is the nature of metabolism that there {s no
beginning or end of these multiple processes. A1l of the reactions are
occurring at the same time, in a very carefully controlled and coordinated
manner. For the purposes of this and subsequent discussions of metabolic
reactions occurring during BAC processing, we shall consider only some of

41



the reactions which are known to occur with carbohydrates and tricarboxylic
acids. .
Glycolysis--

The term glycolysis usually is restricted to the series of enzymatic
reactions involved in the biological transformation of either glucose or
glycogen to lactic acid. This series of reactions is also known as the
Embden-Meyerhof pathway. A simplified summation of the reactions which
occur and the structures of organic intermediates and products involved
which are pertinent to discussion of pretreatment by chemical oxidation
(given in Section 8) is given in Figure 13. One mole of glucose (a 6-carbon
molecule) is converted to two moles of trioses (3-carbon molecules) by a
series of 4 enzyme-catalyzed reactions, which then are converted into two
moles of pyruvic acid by a series of 5 additicnal enzymatic reactions.
Pyruvic acid can be converted, reversibly, into lactic acid by reduction or
to acetaldehyde by continued enzymatic oxidation. Under aerobic metabolic
conditions, pyruvic acid 1s not reduced to lactic acid, but is further
oxidizeg to CO2 and water through the tricarboxylic acid cycle (see next
section).

QHO
3 3 PR . RPU
- et o - r——— C=0
H-c::-OH steps 9::’)'_' steps EoH py;:lzsc
H-C-OH CH2
CH,yOH two
trioses
c-glucose 1 step
CH3 CHg
CO2 + (':=O H-C-OH
H COoH
acetaldehyde
lactic
acid

Figure13. Enzymatic oxidation of glucose (glycolysis).

(Rafeison, Binkley & Hayashi, 1971),

Tricarboxylic Acid Cycle (Krebs Cycle; Citric Acid Cycle)--

This cycle includes the reactions which occur during glycolysis, but
also involves reactions of other organic acids, specifically oxalacetic,
malic, fumaric, succinic, citric, aconitic, isocitric, oxalosuccinic and a~
ketoglutaric. Figure 14 shows a simplified representation for the relation-
ships between these compounds during the tricarboxylic acid cycle. The
structures of these organic acids become of greater significance when {t is
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realized that many of these same acids are produced when many of the organic
pollutants present in water and wastewater are ozonized. This point will be
discussed in greater detail in Section 8 of this report.

glucose
0=C-CO2H €O, 2 trioses
H20-002H
oxalacetic
acld 2 acetyl

co-enz.-A =2 pyruvic acids

V

H
malic HO-?-COQH H29-C02H 2 lactic scids
acid HaC-CO2H HO-C-COaH
1 Hzé_cozH citric acid
fumaric HC-CO2H H2C-CO2H , snitic acid
HC-CO2H
succinic G- -
acld H2G-CO2H \\\12? CO2M socitric
H2C-CQOgH HC-CO2H acid
]
HO-Cl:-COQH
/"
HaG-CO2H HaC-CO2H
Co2 +——— *19“ y <~—— HC-COgH — 2C0,
0=C-C0, 0:=C-COgH
a-ketoglutaric acid oxalosuccinic acid

Figurei4 The tricarboxylic acid (Krebs or citric acid) cycle.

(Rafelson, Binkiey & Hayashi, 1971),
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The g3-Ketoadipate Pathway--

Figure 15 shows the structures of chemical intermedfates which are
formed then oxidized further during the degradation of benzoic and p-hydroxy-
benzoic acids by reaction sequences catalyzed by a variety of enzymes to
produce succinic acid. Once formed by these mechanisms, succinic acid can
be further oxidized according to the Krebs cycle. Many of the chemical
intermediates produced during the B-ketoadipate cycle also have been identi-
fied during chemical oxidation of aromatic compounds (see Section 8).

CONDITIONS NECESSARY FOR PROMOTION OF AEROBIC ACTIVITY

In the balance of this Section, only the promotion of aerobic biological
growth will be considered, because BAC processing, as currently practiced,
involves aerobic microorganisms. In order to maximize the aerobic bioactivi-
ties required, it is necessary to first maintain a minimum level of dissolved
oxygen (D0O) in the aqueous medium being treated. The total amount of CO
considered minimal to convert the maximum amount of dissolved organic carbon
(DOC) to CO2 will be a function of the concentration of biologically oxidiz-
able materials present. Raw waters being processed into drinking water
contain relatively small amounts of DOC and ammonia, thus the maintenance of
3 to 6 mg/1 of DO, sufficient to guarantee aerobic conditions, can be accom-
plished by addition of relatively small amounts of oxygen or air. On the
other hand, industrial wastewaters usually contain much higher concentrations
of organic substrate materials. Therefore, the amount of oxygen required to
maintain an aerobic biomass will be considerably higher.

Solubility of Air and Oxygen in Water

Air contains only 21% oxygen, most of the balance being nitrogen. As
a consequence, when water {s saturated with air, the maximum concentration
of dissolved oxygen which can be attained is on the order of 6 to 9 mg/1,
depending upon the temperature. The solubility of oxygen and nitrogen in
water increases as the water temperature decreases, so that the maximum
solubility of each of these gases occurs near 0°C.

On the other hand, when water 1s saturated with nominally pure oxygen
rather than air, the maximum concentration of dissclved oxygen which can be
attained rises to 40 mg/1 (at 20° to 25°C) and to 69 mg/1 (at 0°C). Therefore,
use of pure oxygen will allow 7 to 8 times the DO leve]l to be attained in
aqueous systems than will the use of air. This point is of significance
when the initial loading of biodegradable material is high.

The point is also significant when considering the rates of aerobic
microbiological reactions, which depend upon the DO concentrations. The
faster the rate of microbial oxidatfon in an operating BAC system, the lower
will be the detention time required for the aqueous medium to be in contact
with the microbial species performing the oxidations. Thus, the higher the
rate of biological oxidation, the smaller can be the biological reactor
and/or the faster can be the flow rate of water or wastewater to be put
through the specific treatment system being employed.
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STOICHIOMETRY OF BIOCHEMICAL OXIDATIONS

Dissolved Organic Carbon

Organic compounds have basic carbon-carbon backbone chains. Those
organic materials which contain only carbon and hydrogen atoms are called
“hydrocarbons". Examples include methane, butane, benzene, gasoline, kerosene
and phenanthrene. When the organic molecule also contains oxygen atoms, in
addition to simply carbon and hydrogen, the material is called generically a
“carbohydrate”. Examples include alcohols, acids, aldehydes, ketones,
phenols and sugars. In a sense, one can consider carbohydrates as partially
oxidized hydrocarbons, on the way to being oxidized completely to CO2 and
water.

One can generalize the chemistry involved in the total oxidation of
hydrocarbons as follows:

CxHy + (x + 0.25,\()02 -———be02 + 0.5yH20 eq. 2

The amount of oxygen theoretically required (x + 0.25y) for complete
oxidation of all dissolved organic carbon to carbon dioxide and for converting
all hydrogen to water will depend upon the relative amounts of these two
elements which are present initially. If adequate oxygen is present for the
reaction to proceed to completion, the products can be as shown by equation
2. If insufficient oxygen is available however, only partially oxidized
intermediate organic products, will be obtained. In addition, once the
dissolvad oxygen supply has been depleted, the predominant microbial species
may become anaercbes, which can draw their required oxygen from the partially
oxidized intermediates (carbohydrates) and regenerate reduced organic ccm-
pou?ds as enddproducts, such as in the reversible conversion of pyruvic acid
to lactic acid,

The amount of oxygen required for complete conversion of an organic
material to CO2 and H20 also depends upon thé composition and the degree of
oxidation of the starting material. For example, Table 2 shows the amount
of oxygen required to attain 100% oxidation to COz and Ho0 starting with the
2-carbon-containing hydrocarbons ethane (CoHg), ethylene (CoHg) and acetylene
(CoH2), the 2-carbon-containing carbohydrates ethanol (CH3CHoOH), acetaldehyde
(CH3CHO), acetic acid (CH COOH?, oxalic acid (HOOC-COOH) and the 6-carbon-
containing compound pheno? (CgHs0H). The two-carbon compound containing the
most hydrogen (ethane) requires the most oxygen, in the 2-carbon-containing
series. On the other hand, oxalic acid, which contains four atoms of oxygen
and only two hydrogen atoms, requires the smallest amount of additional
oxygen to carry the oxidation to campletion.
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TABLE 2. OXYGEN REQUIREMENTS FOR
CONVERSION OF REPRESENTATIVE
ORGANIC COMPOUNDS TO CO,

CHgz-CHjz + 35 O2 —=2C0, + 3H,0
CH2=CHgog + 3 O —»2C0O5y + 2H,0
CHSCH + 25 0y —»2C02 + H,0

CH3CHO0H + 3 Og —2C0, + 3H,0
CH3CHO + 2,50, 2CO03 + 2H,0
CH3COaH + 2 O3 —>2C0,5 + 2H,50

HO2C-CO2H + 0.5 0 —>2CO02 + H3ZO0

CgHsOH + 7 03 —>6CO, + 3H20

For comparison, the corresponding oxygen requirement of the six-carbon
compound, phenol {CgH50H) to go to completion 1s 7 moles of oxygen per mole
of phenol. If only 0.5 mole of oxygen is available, the maximum oxidation

which phenol can undergo would be to a dihydroxyaromatic compound, efther
catechol, resorcinol or hydroquinone:
4 .

TR Ho H OH H
Bt o v BN 0,5 0 oH
HiL — eq.
OH
: . H

phenol catechol resorcinol hydroquinone

w

s

When organic materials contain nitrogen or sulfur, even more oxygen may
be required to convert these elements to their fully oxidized states. For
example, amine groups (-NH2) will require 1.5 equivalents of oxygen per
equivalent of amine-nitrogen to produce a nitro group, and 2 equivalents of
oxygen to produce an equivalent of nitrate fon. Sulfur-containing compounds
can require 2 equivalents of DO per equivalent of sulfur atom to produce one
equivalent of sulfate ion, depending upon 1ts degree of oxidation in the
original organic compound.

From these considerations, it is clear that in order to operate BAC
processes at maximum efficiency, sufficient oxygen should be employed to
convert the maximum amount of dissolved organic carbonaceous material into
C0p and water, It must be remembered, however, that biological processes
cannot remove 100% of the dissolved organic carbonaceous material. This is
because microbial processes inevitably involve cell lysis and release of
bacterial cell contents to solutfon.
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Nitrification

Autotrophic bacteria use CO2 as a carbon source and oxidize inorganic
compounds for energy. Autotrophs of greatest significance in sanitary
engineering are the nitrifying, sulfur and fron bacteria. Free ammonia
and/or ammonium jons react with oxygen biochemically in the presence of
nitrifying organisms to produce nitrite ions and, ultimately, nitrate ions:

Nitrosomonas _
NH3 + 02 > N0, + energy eq. 4
- Nitrobacter -
NO2 + 02 -—-—-—-———-D-N03 + energy eq. 5

overall:
NH, + 0, -—->N03' + [H,0, H or (OH)™] + energy  eq. 6

The actual stoichiometry involved will depend upon the pH of the
medium. On the alkaline side of pH 7, ammoniacal hydrogén will be converted
to hydroxyl ions, some of which will not proceed to water molecules. On the
acid side of pH 7, some hydrogen atoms will be converted to hydrogen ions,
which will not continue to react further to become water.

Gomella & Versanne (1977) have stated that one equivalent of ammoniacal
nitrogen should require 4,57 equivalents of oxygen to produce one equivalent
of nitrate ion. On the other hand, these authors found during full-scale
drinking water treatment plant studfes at the Rouen-la-Chapélle plant in
France, that only 3.2 equivalents of oxygen actually were required to elimi-
nate ammoniacal ammunia from the raw water. It {s possible that the nitrifi-
cation fs incomplete at Rouen (see Section 9) and that some nitrite is
present after GAC treatment along with nitrate. This would explatn the
lower-than-theoretical amount of oxygen apparently required at Rouen.

On the other hand, Jekel (1978) considers. the stoichtometry of nitrifica-
tion which occurs at the Dohne plant in Mlilheim, Federal Republic of Germany,
to require 3.56 equivalents of oxygen per equivalent of ammonium-nitrogen,
according to the following equation:

+ - +

From the above considerations, it is clear that for maximum conversion
of dissolved organic compounds into COz and water and for the maximum amount
of nitrification to occur, a considerable amount of DO can be required.

This amount depends upon the components of the original organic material
present originally. In most cases, however, the equivalent amount of oxygen
necessary is some multiple (3 to 10) of the equivalents of ammonia-nitrogen
and dissolved organic carbon and hydrogen present originally. The presence
of other oxygen-demanding elements, such as sulfur, can increase the requisite
amount of DO even further.
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There 1s one more important point to consider with nitrifying bacteria.
In the presence c¢f large quantities of heterotrophic microorganisms, the
growth and proliferation of nitrifiers {s suppressed. Therefore, when
treating industrial wastewaters containing high levels of readily biodegra-
dable pollutants, nitrification may not be observed. Cn the other hand, in
treating raw drinking waters (which contain much Jower levels of ZOC), the
density of heterotrophic microorganisms will be much lower. Therefore,
nitrifiers will have a better environment in which to proliferate and function.

STUDIES OF OPERATICNAL BIOLOGICALLY ENHANCED GAC SYSTEMS

Van der Kooij (1975) investigated the presence and behavior of bacteria
on granular activated carbon filters treating drinking waters. Tests were
conducted on three experimental filters: GAC, granular non-activated carbon
and sand. Each filter was fed with tap water at 13° to 17°C and 3.5 m/hr (3
minutes contact time) flow-through rates over a 10 month period (side-by-
side experiments). Bacterial counts were made at regular intervals by the
colony count technique on diluted agar (0.35 g/1 beef extract, 0.65 g/}
peptone, 10 g/1 agar) after incubation 10 days at 25°C. The number of
bacteria on the GAC was found to be 2 to 3 times the number found on inert
media (van der Kooij, 1978).

From these experiments, van der Kooij (1975) calculated the average
surface area occupied by a single bacterial cell on activated carbon to
be 40 square microns when the coiony count was 109/cu cm. Since the surface
area of the activated carbon used for these tests was much greater than 40
sq cm/cu cm, it was concluded that the density of bacterfa on the carbon
surface was very low. This was confirmed by electron microscopy. It was
also concluded that normal adsorption processes of organic solutes on activa-
ted carbon were not hindered by the presence of the bacteria on the carbon,
using a dilute substrate solution such as drinking water.

In support of this work of van der Kooij, it has been shown by Weber,
Pirbazari & Melson (1978) in the USA that individua) bacteria are small
enough to be able to fit into the macropores (50 to 100 microns in size) of
the GAC, where they are protected from shear forces. Cn the other hand,
bacteria are too large (1 to 16 microns) to fit into the GAC micropores,
some of which are less than 0.05 micron in diameter. Since the micropores
make up about 99% of the available carbon surface area, the fact that bacteria
occupy only 1% of the total GAC surface area is consistent with this ratio.

Figure 16 is a 4,000 times magnification scanning electron micrograph
of a GAC particle taken from a GAC column operating at the Philadelphia
Torresdale drinking water treatment pilot plant, and shows a typical bacterial
population (Cairo et al., 1979). Microorganisms are found to be scattered
over the carbon surface, with heavier concentrations in the areas of the
macropores. Bacteria were not observed to form a uniform biofilm over the
entire surface area of the GAC particle, as has been hypothesized by some
investigators. Few higher forms of 1ife, such as protozoa, were observed cn
the 3AC particle surface. Although such an advanced ecosystem was observed
in wastewater GAC systems by Weber, Pirbazari & Melson (1978), lower concen-
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Electron micrograph (4,000 x) of GAC particle

showing bacterial growths.

Figure 16.

(Cairo, McElhaney & Suffet K 1979)

50



There 1s one more important point to consider with nitrifying bacteria.
In the presence of large quantities of heterotrophic microorganisms, the
growth and proliferation of nitrifiers is suppressed. Therefore, when
treating industrial wastewaters containing high levels of readily biodegra-
dable pollutants, nitrification may not be observed. On the other hand, in
treating raw drinking waters (which contain much lower levels of DCC), the
density of heterotrophic microorganisms will be much lower. Therefore,
nitrifiers will have a better environment in which to proliferate and function.

STUDIES OF OPERATIONAL BIOLOGICALLY ENHANCED GAC SYSTEMS

Van der Kooij (1975) investigated the presence and behavior of bacteria
on granular activated carbon filters treating drinking waters. Tests were
conducted on three experimental filters: GAC, granular non-activated carbon
and sand. Each filter was fed with tap water at 13° to 17°C and 3.5 m/hr (3
minutes contact time) flow-through rates over a 10 month period (side-by-
side experiments). Bacterial counts were made at regular intervals by the
colony count technique on diluted agar (0.35 g/1 beef extract, 0.65 g/1
peptone, 10 g/1 agar) after incubation 10 days at 25°C. The number of
bacteria on the GAC was found to be 2 to 3 times the number found on inert
media (van der Kooij, 1978).

From these experiments, van der Kooij (1975) calculated the average
surface area occupied by a single bacterial cell on activated carbon to
be 40 square microns when the colony count was 10°/cu cm. Since the surface
area of the activated carbon used for these tests was much greater than 40
sq cm/cu cm, it was concluded that the density of bacteria on the carbon
surface was very low. This was confirmed by electron microscopy. It was
also concluded that normal adsorption processes of organic solutes on activa-
ted carbon were not hindered by the presence of the bacteria on the carbon,
using a dilute substrate solution such as drinking water.

In support of this work of van der Kooij, it has been shown by Weber,
Pirbazari & Melson (1978) in the USA that individual bacteria are small
enough to be able to fit into the macropores (50 to 100 microns in size) of
the GAC, where they are protected from shear forces. On the other hand,
bacteria are too large (1 to 16 microns) to fit into the GAC micropores,
some of which are less than 0.05 micron in diameter. Since the micropores
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of a GAC particle taken from a GAC column operating at the Philadelphia
Torresdale drinking water treatment pilot plant, and shows a typical bacterial
population (Cairo et al., 1979). Microorganisms are found to be scattered
over the carbon surface, with heavier concentrations in the areas of the
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Electron micrograph (4,000 x) of GAC particle

showing bacterial growths.

Figure 16,

(Cairo, McElhaney & Suffet, 1979)
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trgtions of nutrients in the potable water GAC system are considered by
Cairo et al. (1979) to be responsible for the Timited biological colonization
on the GAC particles.

On the other hand, soluble organic compounds generally are small
enough to be able to fit inside and be adsorbed by the GAC micropores.
Therefore, since the adsorption of organics occurs mostly where the bacteria
are not present, it would be predicted that bacterial presence will rot
interfere with the normal GAC adsorption processes, unless the nurber of
bacteria become so high so as to physically encapsulate the carbon particles,
thereby preventing the diffusion of soluble organics to the micropores
(Weber & Van Viiet, 1978). However, such excessive bacterial growth is
dependent upon the amount of soluble, biodegradable organics (food) present,
and raw drinking water supplies simply do not contain thfs much DOC. Even
physical-chemical treated sewage containing as much as 25 mg/1 of BODg does
not cause biological blinding of the BAC columns (Guirguis et al., 1978),
provided that backwashing is conducted in the proper manner and at proper
intervals.

Section 9 includes a discussion of research studies of Eberhardt,
Madsen & Sontheimer (1974) conducted at the Bremen (Federal Republic of
Germany) water treatment plant which showed that GAC which had a higher
fraction of macropores (2%) than did normal GAC (1%) removed higher amounts
of DOC (about 50% as opposed to 20 to 25%) after attaining biological equili-
brium. Macropores are capable of housing bacterfa, therefore the improved
removal of DOC was explained by the higher fraction of macropore area avail-
able to house more bacteria. These results suggest that if GAC can be
prepared with even higher macropore contents, even higher COC removals might
be attainabie with BAC systems.

However, Tzesos & Benedek (1980) compared the performance of two types
of GAC (Filtrasorb 400 and Special A) treating phenol and opera‘ed under
biologically enhanced, fluidized bed conditions. After establishing tiologi-
cal equilibrium, the TOC concentration in the effluents from the 2 GAC
columns was about the same. Thus it was concluded that Special A GAC (which
has a surface area about 10% of that of Filtrasorb 400, produced by transitio-
nal pores near 70 A& in size) adsorbs similarly to Filtrasorb 400, once
corrections for surface area differences are made. This appears to indicate
no special benefit of larger pores. Hence, Tzesos & Benedek (1980) also
concluded that the biologically generated residual organic molecules (from
microbial metabolism of pheno1{ are 1ikely to be smaller than 70 R in molecu-

lar size.

Studies by Werner, Klotz & Schweisfurth (1978) have been conducted on
biologically active GAC columns used for more than three years at the
Schierstein water treatment plant at Wiesbaden, Federal Republic of Germany.
Microbiological species 1isted in Tables 3 and 4 have been extracted and
identified from these GAC materials. All of the species identified to date
are non-pathogenic in nature, and are found naturally occurring in soils and

waters.
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TABLE 3. BACTERIAL SPECIES FOUND IN GAC ADSORBER EFFLUENTS AT THE SCHIERSTEIN
(FEDERAL REPUBLIC OF GERMANY) WATER TREATMENT PLANT

Psuedomonas alcaligenes Chromobacterium violaceum
Pseudomonas cepacia Netsseria sicca
Pseudomonas facilis Acinetobacter calcoaceticum
Pseudomonas fluorescens Micrococcus luteus
Pseudomonas lemoignei Staphylococcus saprophyticus
Pseudomonas mendocina Bacillus cereus
Pseudomonas ruhlandii Bacillus circulans
Pseudomonas stutzeri Bacillus Ticheniformis
Pseudomonas spec. Bacillus megaterium
Gluconobacter oxidans Bacillus pumulis
Azomonas agilis Baci1lus thuringensis
Azomonas insignis Corynebacterium spec.
Azomonas macrocytogenes Micromonospora spec.
Source: MWerner, Klotz & Schweisfurth, 1978

TABLE 4, TYPES OF FUNGI AND YEASTS FOUND IN GAC ADSORBER EFFLUENTS AT THE

SCHIERSTEIN (FEDERAL REPUBLIC OF GERMANY) WATER TREATMENT PLANT

Filamentous fungi Phialophora hoffmannii
Phialophora mutabiiis
Taphrina spec.

Yeasts Rhodotorula minuta var. texensis
Cryptococcus uniguttulatus
Candida guillermondii var. gquillermondii
Hansenula anomala var., anomala

Source: Werner, Klotz & Schweisfurth, 1978
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Bacteria listed in Table 5 are those which have been isolated and
identified from the GAC pilot plant columns or from their effluents operating
at Philadelphia's Torresdale drinking water treatment plant during initial
studies by Cairo, McElhaney & Suffet (1979). The API system and other
biochemical tests for enterobacteriaceae and other gram-negaive bacteria
were used. The most predominant bacteria that were isolated and identified
belonged to the genus Pseudomonas. Members of the genus Bacillus also were
found in large numbers. Bacteria that were identified in this study were
predominantly soil or water saprophytic chemo-organotrophs and have no known
pathogenic significance to man. However, some species of Flavobacterium,
Pseudomonas and Alcaligenes are known to be opportunistic pathogens, chlorine
resistant, or suppressors of total coliform.

Table 6 (McElhaney et al., 1980) lists results of further bacterial
studies conducted by the PhiTadelphia scientists. One objective of this
later study was to determine the effects of varying linear flow velocity of
water being treated through GAC columns on the distrfbution of microbial
species in GAC media and in their effluents. Two GAC columns were studied,
one operated at 55.6 ml/min and the second at 166.7 ml/min. Both columns
were designed so as to have empty bed contact times of 9 minutes. In the
column treated at the slower flow rate, the predominant bacteria in the
initial stages of the microbial community were Pseudorionas cepacia and two
species of Acinetobacter. As the community became more established, the
Acinetobacter group was replaced by Bacillus brevis, however Pseudomonas
cepacia remained stable throughout the study.

In the column operated at the faster flow rate, the microbial community
was dominated from the beginning by members of the genus Flavobacterium and
Ps. cepacia. As the community developed, a member of the family Actinomycetes
also became established. Other, less common, bacteria also appeared and
th?re was a shift in the composition of the communities with depth of GAC
column,

Although the species composition was different in both columns, the
composition of bacteria in the effluents of both columns was similar, being
composed of Flavobacter{um and Bacillus brevis throughout the 7C day study,
with Ps. cepacia and Actinomycetes developing during the Jast 20 and 30
days, respectively. There was no difference found in the bacterial densities
either on the GAC or in the effluents. In addition, there was no difference
in TOC removal at the 2 different flow rates studied.

Even though high levels of microbiological species exist in the biologi-
cally active GAC media and even though high levels can pass into the GAC
effluents, only small amounts of chiorine or chlorine dioxide are used in
European drinking water treatment plants following BAC treatment to provide
satisfactory disinfection. Maximum dosage levels of 0.3 to 0.6 mg/1 of
chlorine are prescribed by Serman drinking water laws (Sontheimer, 1977).

At the French Rouen water treatment plant, 0.5 to 0.6 mg/1 of chlorine
follows post-ozonation, which, itself follows BAC passage (Gomella & Versanne,

1977).
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TABLE 5. BACTERIA ISOLATED FROM GAC ADSORBERS AT PHILADELPHIA, PA
Identification API Code Comment
Ps. putida 2 200 004 41 acceptable
2 201 004 41 acceptable
Ps. fluorescens 2 005 006 excellent
Ps. maltophilia 1 C00 000 4] acceptable
1 202 000 51 very good
Ps. pseudoalcaligenes 0 000 004 50 best fit
Pseudomonas spp. other 2 000 004 50 good Tikelihood but
low selectivity
Pseudomonas spp. other 0 000 004 50 good likelihood but
Tow selectivity
Pseudomonas spp other 0 000 0c4 51 good 1ikelihood but
Tow selectivity
Pseudomonas spp other 0 002 004 41 good likelihood but
lTow selectivity
Pseudomonas spp other 0 002 004 40 good 1i{kelihood but
Tow selectivity
Pseudomonas spp other 0 001 004 50 good 1ikelihood but
low selectivity
Pseudomonas spp other 2 200 004 51 good likelihood but
Tow selectivity
Achromobacter spp 1 010 004 41 best fit
Alcaligenes odorans 0 001 004 50 best fit
Alcaligenes spp 0 000 004 40 best fit
Flavobacterium odoratum 0 002 004 01 best fit
COC IV E 0 010 004 01 best fit
CbC I1I F 0 202 004 00 best fit
0 242 004 Q0 excellent

Source: Cairo et al., 1979
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TABLE 6. BACTERIA ISOLATED FROM GAC COLUMNS AND EFFLUENTS IN PHILADELPHZA

Identification Relative Abundance
Ps. cepacia common
Ps. acidovorans common
Ps. paucimobilis occasional
Ps. pituda common
Acinetobacter - 3 species common
Azotobacter common
Actinomycetes - 2 specles common
Flavobacterium - 3 species common
Cytophaga rare
II B conton
Alcaligenes odorans common
Alcaligenes denitrificans occasional
Alcaligenes SP. other common
Bacillus brevis common
Source: McElhaney et al., 1980

It is significant that BAC processing never is the final step in
European drinking water treatment plants. A small amount (0.3 to 0.6 mg/1)
of chlorine or chlorine dioxide always is added to disinfect the GAC effluents
and to maintain an adequate residual in the distribution system.

McElhaney & McKeon (1978, reported on studies of the biology in GAC
media at the Torresdale Filter Plant of the City of Philadelphia. Column
influents (after passage through sand filters) had an average pH of 8.6 and
a free chlorine concentration of 2 mg/1. There was no preoxidation (other
than prechlorination) or preaeration of column influent waters. Bacterial
levels in the GAC column effluents increased to 103 to 104 bacteria/ml
within the first month of continuous use, then decreased and remained at
slightly Tower Tevels for the balance of the study. Bacterial levels 1n the
GAC effluents at all times were significantly higher than those of the sand
filter effluents. The most predominant species of bacteria identified
belonged to the genus Pseudomonas. The following bacteria were isolated and
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jdentified in addition to those isolated and identified by Werner, Klotz &
Schweisfurth, (1979): Ps. pituda, Ps. maltophila, Achromobacter sp., Alcali-
?enes odorans, Alcaligenes sp. and Flavobacterium odoratum, wOC IV E and COC

Latoszek & Benedek (1979} isolated and identified bacterial species
present in biologically active GAC columns used for treating coagulated,
settled and sand-fiTtered domestic wastewater. Extensive growths of bacteria,
up to 109 viable cells/g of wet drained GAC, were detected. The majority of
isolates were classified as belonging to the genus Pseudomonas and to the
Flavobacterium cytophaga group. A high percentage of the bacteria exhibited
denitrifying ability. These authors concluded that the microbial life in
activated carbon adsorbers used to treat wastewaters appears to be similar
in nature and numbers to that found in activated sludge mixed liquor.

Brewer & Carmichael (1979) also studied and characterized microbial
populations of GAC adsorber systems used to treat drinking water following
ozonation. GAC samples were taken from two 6-foot deep columns operated at
the U.S. Environmental Protection Agency laboratories in Cincinnati, Ohio,
which were treating Ohio River water. One column received ozonated water
during the six week study, and the second column received untreated water.
In most cases, only about 10% of the bacteria present in the influent was
recovered in_the effluents. Counts in_the effluents ranged from 1.10 x 102
to 1.30 x 103, with a mean of 4.4 x 102 colony-forming units (CFU)/ml.
Fungi did not appear in the effluents until the third week, after which
approximately 80% of the fungi was recovered in the effluents.

Counts of enteric bacteria in the influents ranged from 50 to 1,000
CFU/mL, but onty about 25% was recovered in the effluents. Coliform bacteria
in 2ffluents were detected only during the first week of sampling, the
number of colonies being similar to those present in the influents. No
fecal coliforms were detected in the ozonated waters. Pseusomonads were
detected in all influent samples, but only in one effluent sample. Table 7
shows the results of bacterial characterization of gram-negative populations
determined by Brewer & Carmichael (1979). Enterobacter agglomerans was the
most prevalent bacterium isolated (54.3% of the total 1soiates$. Species of
the genus Proteus also were prominent (P. mirabilis, 29% and P. vulgaris,
5%). No enteric pathogens were isolated, and E, coli represented only 2.6%
of all isolates. These investigators noted a shift in population, however,
during the first 3 weeks of the study. Initially, Proteus was the significant
genus isolated, but Enterobacter dominated all plates during the last 3

weeks,

Brewer & Carmichael (1979) also estimated the potential endotoxin
concantrations present in the GAC column effluents by correlating with
enteric bacterial populations using the Limulus lysate method of Evans,
Schillinger & Stuart (1978). Endotoxin concentrations averaged 0.011 and
0.006 mg/1 in the effluents from the ozonated and untreated samples, respec-
tively. These averages represent 28% and 13% of endotoxin recovery in the
effluent from each water sample, respectively. These authors cautioned that
these data indicate the retention of endotoxins by the GAC adsorbers, and

v
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that subsequent release of such material into water passing through the
adsorbers might produce endotoxin levels sufficiently high to cause illness
in human beings.

TABLE 7. ENTERIC BACTERIA ISOLATED FROM GAC EFFLUENTS

Percentage of
Organism Isolated Total Isolated
Enterobacter agglomerans 54.3%
Enterobacter cloacae 0.9
Proteus mirabilis 29.0
Proteus vulgaris 5.2
Escherichia coli 2.6
Citrobacter freundii 1.7
Serretia liquifaciens 1.7
Unknown 4.4
(Brewer & Carmichael, 1979)

On the other hand, Wolf, Camp & Hawkins (1979) studied the pyrogenic
activity of GAC-filtered water supplies and wastewaters treated by advanced
waste treatment techniques, including GAC containing aerobic microbial
activity. One of the main public health concerns about biological growth in
GAC adsorbers, particularly for preparing potable water supplies, is the
potential for generating unwanted microorganisms and/or their toxic by-
products. Among the toxic by-products to be aware of are the gram-negative
endotoxins, which are 1ipopolysaccharides which are all thought to cause a
pyrogenic response (fever) when injected into animals. The rabbit is used
in the standard United States Pharracopeia (USP) pyrogen test, but man
reportedly can be 1C0-fold more sensitive to endotoxins than is the rabbit.

Major conclusions drawn by Wolf et al. (1979) are as follows:
(1) The numbers of bacteria found to be present in GAC effluent waters from

water treatment plants in which the GAC had been operated as long as
110 months were "very few and certainly would constitute no public

health concern as long as a disinfection process is subsequently applied”.

(2) A1l four disinfection processes employed subsequent to GAC treatment
(ultraviolet, chlorination, high pH and ozonation) appeared to decrease
endotoxin content.
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(3) Free erdotoxin appears te be not adsorbed by GAC. Bound endotoxin
appears to be removed via a filtration mechanism. Hence, total endotoxin
is removed during passage through GAC only by the amount of bound
endotoxin filtered out.

(4) Using 2 GAC columns in series with a filtered, nitrified activated
sludge effluent, the first column removed 20% of the COD and total,
bound and free endotoxins by 64%, 77% and 41%, respectively. Additional
removals in COD, total and bound endotoxins of 35%, 20% and 42%, respec-
tively, were observed in the second GAC column (which had a longer
empty bed contact time -- 45 minutes versus 30 minutes), but free
endotoxin content increased by 12%.

(5) Pyrogenicity (in rabbits) was demonstrated for advanced wastewater
treatment (AWT) effluents but not for GAC-processed drinking waters.
Although endotoxin levels generally were lower for drinking waters,
rany samples possessed higher endotoxin activity than some of the AWT
samples which resulted in pyrogenic responses. This suggests some
basic differences in water quality, which must be studied further.

Finally, Scott et al. (1975) have pointed out that the biological
degradation of phenolic-type compounds has been studied extensively.
Various types of Pseudomonas bacteria (which have been identified in bfologi-
cally operating 3AC media) appear to be best adapted for degradation of
phenol. An exanmple of such a metabolic degradation pathway was determined
for Pseudomonas pituda by Sala-Trepot, Murray & Williams (1972), and is
reproduced 1n Figure i7. Notice that this pathway involves initial addition
of oxygen to the aromatic ring, producing catechol, after which ring rupture
occurs, followed by further cxidative degradation to produce acetaldehyde
and pyruvic acid. These are three of the same products which have been
identified as oxidation products isolated upon ozone oxidation of phenol
(Rice & Miller, 1977).

Heilker (1979) has presented a detailed description of the BAC process
which has been operating on full scale at the Dohne drinking water treatment
plant at MUilheim, Federal Republic of Germany. Discussion of this plant and
the process employed is presented in Section 9 and in Appendix E. One
observation made during the summer of 1978 will be pointed out here. When
the process first was installed, 1t was found that backwashing frequency of
the rapid sand and GAC media could be decreased to periods greater than
every 7 days. DOuring the summer of 1978 "a population explosion of nematodes™
was observed in both of these media. Because the reproduction cycle of
these nematodes is 3 to 4 days, simply increasing the backwashing frequency
to 3 days has eliminated this problem.

On the basis of studies conducted to date, McElhaney et al. (1980)
conclude that when GAC adsorbers are first installed or when virgin or
regenerated GAC is first utilized, microbial populations initially increase
exponentially for the first 2 to 3 weeks, then enter a phase of negative
growth acceleration where populations level off and finally develop into a
pseudo-steady state. Populations in the top levels of the GAC column reached
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approximately 108 bacteria/g of wet GAC in the pseudo-steady state. This
growth curve {s similar to the sigmoidal type of growth curve which is
typical of most species during their inftial stages of growth, except for
the absence of an observed initial lag phase.
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Figure 17 Simpilitied metabolic pathway used by
Psuedomonas putida to degrade phenol

(Sala Trepot, Murray & Williams, 1972)

The predictability of microbial growth curves in a GAC system is
important when evaluating the effect of environmental factors, such as
Tinear velocity, on that growth. McElhaney et al. (1980) and Klotz et al.
(1976) showed that bacterial densities decreased with increasing depth in
the GAC column, which might be attributed to a decrease in food supply.
McElhaney et al. (1980) showed that TOC levels in the GAC also decrease with
increasing depth. TOC levels are a good indicator of the microbial food
supply because carbon is the major source of energy for all of the bacteria
identified in their study.

With these few fundamental principles regarding microbiological and
biochemical oxidations in hand, we can now address the basic parameters of
BAC systems (see Section 8) so as to combine the best features of three
treatment processes (chemical oxidation, GAC adsorption and biological
oxidation). Successful design of BAC systems appears to provide treatment
systems which can be more efficient in removing organic pollutants than
either of the three processes taken individually. In addition, savings in
the operational costs of GAC adsorption systems can be effected, under
certain conditions, by incorporating chemical preoxidation of the water or
wastewater to be treated and by promoting aerobic microbial activity in the
filter and GAC adsorption media.
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SECTION 7
GRANULAR ACTIVATED CARBOCN

INTRODUCTION

Granular activated carbon (GAC) has a long history of successful
applications in the purification of liquids and gases. This section wiil
address the applications of granular activated carbon %o the treatment of
drinking water. Mechanisms of pollutant removal from water by GAC treatment,
historical 3AC applications and modern GAC applications in European drinking
water treatment plants will be discussed.

The first application of GAC for drinking water treatment was described
by Batchelor (1977) to have occurred in 1910 at Reading, England, where
drinking water was superchlorinated to oxidize organic materials and then
was dechlorinated by passage through activated carbon. Subseguent applica-
tions of GAC to municipal water treatment were at Hamm, Germany in 1929 and
at Bay City, Michigan in 1930 (Hasler, 1974). Economic analyses, however,
indicated that powdered activated carbon (PAC) was more cost-effective at
the dosages normally found necessary at that time. The first municipal
application of PAC was at the Hackensack Water Company at New Milford, New
Jersey (Kornegay, 1978). Subsequently, more than 1,000 water treatment
plants]have adopted the use of powdered activated carbon for taste and odor
control.

Deteriorating raw water quality caused ever-increasing dosages of PAC
and this renewed interest in the use of granular activated carbon for taste
and odor control. An organization which has made major investments in the
application of GAC for this purpose commencing at Hopewell, Virginia in 71961
is the American Water Works Service Company (Blanck, 1978). ;

Ten filters of the Nitro, West Virginia water treatment plant were
converted to 3AC in 1965 and were operated successfully until 1973, at which
time the plant was abandoned in favor of a new facility using a different,
higher quality raw water supply which did not require the use of GAC. A
multiple hearth furnace was used at the original Nitro plant for GAC regenera-
tion. The Nitro plant was the subject of considerable study during its
operational 1ife (Woodward, et al., 1964; Dostal et al., 1965; Flentje &
Hager, 1964).

Based on successful applications at the Hopewell and Nitro water
treatment plants, the Arerican Water Works Service Company has converted
sand filters to filter/adsorbers by replacing a portion of the sand filter
media with GAC at other of the company-owned water treatment plants (Blanck,
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1978). They currently have 20 plants operating in this mode (Moser, 1978).
This type of installation is illustrated by Figure 18. Overall, there are
more than 60 municipal water treatment plants in the United States currently
using GAC, primarily in the sand replacement mode (Froelich, 1978). Table 8
summarizes important milestones attained with carbon adsorption technology.

TABLE 8. ADSORPTION TECHNOLOGY MILESTONES

Year

1550 B.C. Early recorded use of charcoal
1811 A.D. Bone char used for sugar processing

1828 First char regeneration instituted

1852 First granular charcoal filter, Elizabeth, N.J.

1889 Hershoff multiple hearth furnace introduced

1906 First c?mmercial production of activated carbon (Eponite,
Europe

1910 First application of SAC in drinking water treatment (Reading,
Eng]andg

1913 First commercial production of activated carbon in the U.S.

1928 First use of powdered activated carbon for taste and odor

‘ control (Chicago meat packers)

1929 First GAC filter installed (Hamm, Germrany)

1930 First municipal use of powdered activated carbon for taste and
odor control (Hackensack Water Company)

1961 GAC filters installed at Hopewell, VA water treatment plant

1965 First advanced wastewater treatment plant incorporating GAC
(South Lake Tahoe, California)

1978 First fluidized bed GAC regeneration furnace installed in the
u.s.

Source: Kornegay, 1978

Granular activated carbon pressure post-adsorbers were installed in a
nurber of water works in the lower Rhine River area of the Federal Republic
of Germany in the 1950s and early 1960s. These units incorporated both
pressure filtration and pressure adsorption in a single vertical steel
vessel, as fllustrated in Figure 19, The upper compartment utilizes an
inert medium for the removal of turbidity as well as oxidized iron and
manganese compounds. The lower compartment utilizes GAC as a post-adsorption
medium. The pressure units were instalied originally for taste and odor
removal as well as dechlorination, but now serve as biological reactors and
adsorbers due to the elimination of prechlorination and addition of a preozo-
nation step ahead of filtration.

Pressurized post-adsorber SAC units have been in operation in the

Foxcote Treatmen: Works of the Bucks Water Board of England since 1960. GAC
was installed at this plant for taste and odor control.
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GRANULAR ACTIVATED CARBON

Charcoal long has been applied for the purification of liquids such as
drinking water. The "activation" of charcoal during manufacture or treatment
to enhance its adsorptive power has broadened its applications in the purifi-
cation of liquids and gases. Activated carbon 1s manufactured from a number
of carbonaceous materials which include the following:

Bituminous coal
Coconut shells
Lignite

Wood

Pulp mi1l residues

Activation is carried out by treatment of the carbon to achieve a high
degree of porosity and an associated high surface area. The high surface
area renders activated carbon an excellent adsorbent for a wide range of
substances from both 1iquid and gaseous phases. Activation of carton is
accomplished by one of two processes, gas activation and chemical activation.

Manufacture of activated carbon by gas activation is essentially a two-
step process, carbonization and activation. Carbonization usually is achieved
by burning of the carbonaceous raw material in the absence of oxygen, a
process known as pyrolysis. The carbonized intermediate product is activated
by being brought into contact with steam or carbon dioxide to “orm the
necessary porous structure.

Manufacture of activated carbon by chemical activation is a process in
which uncarbonized carbonaceous materials are mixed with chenicals which are
capable of dehydrating and oxidizing. The chemically treated material then
is heated to create the necessary pore structure. The activating agents,
such as zinc chloride, phosphoric acid, sulfuric acid, etc., are washed out
and recovered.

In conventional practice, activated carbon is used as an adsorbent.
Its capacity for adsorption is governed by:

(a) the adsorbent surface area actually available to the adsorbate molecules
and

(b) the affinity of the adsorbate molecules for the available adsorbent
surface areas.

The following information is important, therefore, when evaluating
activated carbon as an adsorbent for contaminants present in a 1iquid
phase:

Surface area

Pore volume distribution

Chemical nature of the activated carbon surface area
Chemical structure of the adsorbate molecule(s)

Qo oe
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Activated carbons in common use have total surface areas (sum of t-e
outside surface area plus available internal surface area inside the pores)
ranging from 450 to 1,500 square meters per gram. The total surface area
normally is determined by the Brunauer, Emmett & Teller (BET) method, in
which the total volume of nitrogen gas adsorbed at 1liquid nitrogen temperature
(minus 195°C) is measured at various pressures. The plot of volure of
adsorbed nitrogen versus pressure at constant temperature is called an
adsorption isotherm, and this enables calculation of the volume (and hence
the surface area) of a layer of nitrogen one molecule thick. However, the
molecules encountered in liquid phase operations usually are ruch larger
than the nitrogen molecule. As a result, the actual area available for
adsorption normally will be considerably less than the total surface area as
measured by the BET method.

Another measure of activated carbon capacity is pore size distribution
within the carbon particles. One method for measuring pore size distri-
bution is by using a range of adsorbate molecules of varying sfze as moiecular
probes (Calgon Corporation literature, undated). Adsorbate probes include
mercury, nitrogen and water. Edwards (1979) points out that pore volure
distributions may be a function of both raw material (Figure 20) and activa-
tion conditions (Figure 21).
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The nomenclature used in designating pore volume size ranges is not
universal. United States practice appears to refer to pore sizes larger
than 1,000 angstroms (R) diameter as "macropores" and pore sizes from 1C to
1,000 R in diameter as "micropores" (Weber, 1972; Calgon Corporation litera-
ture, undated). Reference to European literature, however, indicates that
such categories are by no means universal. Juntgen (7975) uses the following
classification: macropores > 500 A diameter, mesopores < 5C0 to 20 A in
diameter, micropores < 20 to 8 A diameter and submicropores < 8 A in diameter.
A Lurgi publication (T7976) uses the following definitions: macropores > 2C0
R diameter, transitional pores < 200 A and > 20 A diameter, micropores <20
R diameter. This point is emphasized to ensure care in transposing European
experiences to the United States. Pore size distribution is particularly

important in considering the use of biological activated carbon (BAC),
discussed in Section 8.

The nature of the carbon surface is important in determining the
capacity of activated carbons for a specific adsorbate molecule. Greater
knowledge is developing in this area as the use of activated carbon for
water treatment increases. The necessity of removing trace quantities of
toxic organic compounds demonstrates that need.

The nature of the adsorbate affects the efficiency of adsorption. Some
adsorbates are strongly adsorbed while others are weakly adsorbed. Liquid
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streams containing a number of chemical compounds further confuse the issue
because of the chemisorption phenomenon, which is discussed in a following
subsection.

SELECTION OF ACTIVATED CARBONS

Selection of the type of activated carbon to be used depends upon a
number of factors. Powdered activated carbon (PAC) is used predominately
for routine applications in the United States mainly on the basis of economics
(AWWA, 1971). The use of both PAC and 3AC is growing in the European
countries (Water Research Center, 1977) for the following reasons:

"(a) It is more economic to use a granular carbon bed if large doses (722
mg/1) of powdered carbon are normally required, and

(b) a granular carbon filter is held to be more effective in the removal of
micropollutants.” (Micropollutants are generally understood to be
those soluble materials which cannot be reroved by simple filtration.)

The remainder of this discussion will be limited to GAC since the
evaluation of Biological Activated Carbon (BAC) for drinking water purposes
has been limited to this form of activated carbon. Primary properties to be
considered in GAC selection include the following:

Capacity
Hardness
Permeability
Solubility

The capacity of GAC used for a specific water treatment objective can
be determined by pilot plant evaluations. Standardized equipment and pro-
cedures are available, but some insight is required to determine periods of
study and the number of studies required for a specific water source. The
effects of biological activity and desorption further complicate the situation.

The hardness of the GAC is a factor in determining the amount of
carbon loss and associated cost of makeup GAC per each adsorption-regeneration
cycle. Other factors which influence GAC losses during use are handling and
burnoff losses during the reactivation process. It is not clear which of
these factors is of greatest significance, but since losses can range from
3.5 to 104 or more, they are of obvious importance.

Permeability of the activated carbon is of obvious importance in terms
of head loss in downflow contactors and of bed expansion in upflow units.
Permeability is a function both of particle si1ze and gradation. The smallest
particle size of GAC normally would be expected to be specified so as to
maximize the available total surface area. This intent would be tempered by
the available hydraulic head or the sensitivity to plugging due to biological
activity 1n the contactor. Solubility of adsorbate in water is of signifi-
cance also, since the more polar the molecule is, the greater is its solubi-
lity in water and the less readily removed from water it is by activated
carbon adsorption. Surface characteristics (outer surface and inner pore
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surfaces) also affect adsorption of water soluble molecules, and these
characteristics depend upon the raw material used to produce the carbon, the
activation process and the solutes to be removed from aqueous solution.

OPERATIVE MECHANISMS DURING DRINKING WATER TREATMENT WITH GAC

Successful use of granular activated carbon in the treatment of drinking
water results from a number of mechanisms and processes, including adsorption,
filtration and biological activity. These factors are discussed in the
following subsections.

Adsorption

This is the most commonly recognized function of GAC. It consists of
removal of solutes from solution and their concentration on the surfaces

éexternal and internal) of the adsorbent. The three types of adsorption are
Weber, 1974):

(1) exchange adsorption (electrical attraction of the solute to the adsorbent)
(2) physical or ideal attraction (involving weak van der Waals forces)

(3) Chemisorption or chemical adsorption (chemical reaction of the adsorbate
with the carbon surface).

In water treatment by means of GAC, the primary mechanisms are physical
adsorption (which is reversible) and chemisorption, which is generally
considered to be irreversible.

Physical adsorption is a function of a number of factors, including the
following (Edwards, 1979):

(1) solubility of the adsorbate (pollutant)
(2) affinity of adsorbate for the adsorbent (GAC) surface
(3) properties of the adsorbent (GAC).

An adsorbate of low solubility in water will be more adsorbable by GAC
and vice-versa, Chemical compounds vary in their affinity for GAC surfaces
due to a number of factors, including the presence in the adsorbate molecules
of specific functional groups as well as the molecular shapes and structures
of the molecules themselves. Table 9 1ists a number of organic compounds
and their relative adsorbabilities onto GAC. Additional information on the
adsorption of organic chemical compounds by GAC is provided in Section 8.

The primary desired 3AC properties for use in water treatment are high
available surface area and pore size distribution, which were described in
an earlier subsection.

Chemisorption involves chemical reactions of the solute with the 3AC

. surface. This can occur, for example, by carbonyl or hydroxyl groups
(present on the activated carbon surface) condensing with amine, hydroxyl or
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activated hydrogen groups in the adsorbate to form very strong covalent
bonds, as indicated in Figure 22. Restoration of the GAC surface with
respect to chemisorbed solutes results in the physical destruction of the
carbon surface involved in the chemica’ reaction. Because the amount of
chemisorption involved with removal of organic pollutants generally is very
small compared with physical adsorption, chemisorption will not be discussed
further in this section.

TABLE 9. GAC ADSORPTION OF ORGANICS

Strongly Adsorbed Weakly Adsorbed

Aromatic Solvents: benzene, toluene, | ® alcohols
nitrobenzenes, etc.

e Chlorinated Aromatics: PCBs, chloro- | o Tow molecular weight
benzene, chloronaphthalene ketones, acids & aldehydes

o Phenol & Chlorophenols e sugars and starches

Polynuclear Aromatics: acenaphthene, } e very high molecular weight
benzopyrenes, etc. or colloidal organics

Pesticides & Herbicides: CDT, Aldrin, § e low Tolecuiar weight
Chlordane, BHCs, Heptachlor, etc. aliphatics

Chlorinated Non-Aromatics: CCly,
chloroalkylethers, heaxchlorobuta-
diere, etc.

High Molecular Weight Hydrocarbons:
dyes, gasoline, amines, humic acids

A major concern with physical adsorption is competitive adsorption
between two or more solutes present in the solution being purified. A
weakly adsorbed pollutant wil) be displaced from the activated carbon
surface by a more strongly adsorbed pollutant. The displaced, weakly
adsorbed material then will be readsorbed further down in the activated
carbon medium. This repeated adsorption, desorption and readsorption
seqeuerce is known as "the chromatographic effect”.

Desorption of an adsorbed pollutant also may occur if the concentration
of the pollutant in the liquid feed to the GAC medium becomes significantly
Tower and the adsorbed pollutant is not strongly adsorbed. This behavior is
of particular concern when removal of certain toxic organic compounds, such
as chloroform, is required.

Each adsorbable dissolved organic compound is held on the GAC surface
or in its pores usually by physical forces, the strengths of which depend
upon a nurber of factors related to the rolecular structure and polarity of
the adsorbed molecule. If the GAC is Toaded with a weakly adsorbed compound
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and the influent solution now is spiked with a second dissolved organic
compound which is more strongly adsorbed than the first, then the first
compound will be displaced, or desorbed, from the surface and/or the pores
by the second, which now becomes the adsorbed solute. For example, phenol
is readily adsorbed by GAC, but is readily desorbed by p-chlorophenol.

granular activated carbon s.;rface-\
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Figure 22. Examples of cherisorption on 3AC surfaces.

if the volume of influent solution is adjusted so that phenol is
adsorbed only in the initial few centimeters of the GAC column and then
a dilute solution of p-chlorophenol is passed through the column, desorption
of the phenol will occur. In the next lower section of the GAC, which has
not yet been exposed to p-chlorophenol, the phenol desorbed from the higher
Tevels will be readsorbed. When more p-chlorophenol reaches the second
Tayer of GAC containing adsorbed phenol, desorption again occurs. This
process of phenol adsorption, followed by desorption, continues until
finally, phenol is removed completely from the GAC and is eluted into the
GAC effluent.

This chromatographic effect has been noted recently at the Kralingen
plant in Rotterdam, The Netherlands, with respect to adsorption of chloroform
by GAC (Rook, 1978). The Kralingen plant began operating a process including
ozonation, sand filtration and granular activated carbon adsorption in early
1977. Raw water {s taken from two reservoirs jocated 20 kilometers away
from the plant and through which water flows in series to the plant. One of
these reservoirs is aerated to control algae, but this practice also promotes
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aerobic biodegradation of organics and nitrification of ammonia during the
three months average residence time of the water in these reservoirs.

During summer, biological growth occurs in the 20 km long raw water
transport pipe from the reservoir to the Kralingen plant, and lTow level
prechlorination (0.5 to 2.0 mg/1 dosage -- calied "transport chlorination")
then is employed to eliminate this growth. Use of prechlorination produces
chloroform and other trihalomethanes, which are not removed during the
subsequent coagulation, flocculation, sedimentation or ozonation processirg
steps, but are adsorbed by the granular activated carbon,

DOn the other hand, chloroform appears rapidly in the effluents of the
Kralingen plant biologically active GAC columns, and its concentration in
the effluent approaches that in the influent after about 10,000 to 12,CCO
bed volumes of water have been passed through, indicating that the GAC is
not very efficient for the adsorption of chloroform.

When prechlorination is halted, however, chloroform continues to be
found in the GAC column effluents, and its concentration decreases continually
during the next few months. No "transport chlorination" is necessary
during winter months at Kralingen, yet chloroform ccntinues to be eluted
from the GAC, probably by desorption caused by more strongly adsorbed organic
compounds.

Filtration

Water filtration incorporates both physical and chemical processes for
the removal of suspended and colloidal materials from water. While sand and
crushed anthracite coal currently are the most commonly used media, experience
has shown that GAC can serve as a substitute filter medium. The physical
characteristics of GAC, when used as a filter tedium, would lead to the
definition of GAC filtration as deep bed filtration or depth filtration.
Weber (1972) described depth filtration as a combination of a number of
mechanisms, including first a transport mechanism which brings a solute
particle from the bulk of the 1iquid within the void space close to the
surface of the filtration medium. Secondly, an attachment mechanism retains
the solute particle as it contacts the filter medium or a previously retained
particle. Both surface and depth filtration mechanisms are thought to occur
in deep bed filters, but it is expected that deep bed mechanisms would
predominate in GAC filtration, similar to those in anthracite coal media.

Biological Activity

In granular activated carbon adsorbers, biological activity is a well
recognized phenomenon. Evidence of the benefits of biological activity is
manifested by operational full scale 3AC systems in water and wastewater
treatment applications which achieve removals of organic carbon in excess of
those which could be predicted by adsorption alone.

GAC provides an excellent surface for biomass attachment and a favorabie

environment for growth of organisms (Weber & Ying, 1977). The biomass may
be aerobic, anoxic or even anaerobic, depending upon the concentrations of
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biodegradable soluble organic materials present and the oxygen resources of
the liquid stream entering <he GAC bed. Operational practice with GAC in
U.S.A. wastewater treatment applications normally has been to attempt to
inhibit biological activity, as it fregquently results in the formation of
hydrogen sulfide odor problems. In contrast, a number of European water
treatment facilities make efforts to enhance biological activity in 3AC
post-adsorbers by providing supplemental oxygenation.

Weber & Ying (1977) point out that bacteria will grow on any fine media
surface. The rough GAC surface provides many good places for attachment,
while the adsorption capability of the medium is unimpaired. The activity
of the biomass will be enhanced by moderate rates of air scour, but the
biomass itself will not be removed without vigorcus air and water backwashing.
The adsorptive capacity of the GAC is believed by Weber & Ying to concentrate
organic substances on the surface of the carbon, thereby providing a more
concentrated substrate for the biomass and enhancing biological growth and
substrate removal. However, this hypothesis currently is in dispute (Benedek
et al., 1979, 1980).

APPLICATIONS OF GAC IN WATER TREATMENT

There are a number of operational examples of the various GAC mechanisms
and processes discussed previously. Therefore, those considering the applica-
tion of GAC can base their decisions on data and experiences of full scale
?pe;gtiona1 facilities in both the drinking water and wastewater treatment

jelds.

For the purpose of this discussion, operational GAC facilities are
divided into three categories, which are:

Filter/adsorbers
Post-adsorbers
Biological reactors

Filter/adsorbers corbine the function of both filters and adsorbers as
they are not preceeded in the process by a fiitration step. On the other
hand, the post-adsorber unit is preceeded by a filter for the removal of
particulates. The major function of the post-adsorber is to adsorb organic
materials, in contrast to the dual function of the filter/adsorber.

Both filter/adsorbers and post-adsorbers can function as biological
reactors in that the 3AC media serve to retain the bicmass. The filter/-
adsorber and post-adsorber can continue to serve as biological adsorbers
even after the GAC adsorption capacity appears to be exhausted.

Filter/Adsorber Applications of GAC

The use of coal as the upper layer of dual media filtration units is
common practice in modern water treatment. Replacing the upper portion of a
sand filter with coal provides greater solids storage capacity, longer
filter runs, lower backwash rates and shorter backwash runs. GAC can and
has been used in place of coal in filters where it serves as filter medium,

71



adsorbent, and for dechlorination within its capacity 1imit. Even after
exhaustion of its adsorption capacity, the GAC continues to serve as an
effective filtration medium. Table 10 compares sand versus GAC as filter
media in terms of turbidity removal and length of filter runs. Table 11
provides information on GAC in sand filters for removal of THMs and TOC.

Blanck (1979a) describes design criteria successfully used in conver-
sion of existing sand filters to dual media units. The upper 18 to 30
inches of existing sand filters was removed and replaced with 12 x 40 mesh
GAC. The dual media (GAC and sand) filters were operated at a rate of 2.0
to 3.0 gal/min/sq ft. Operating backwash rate was 10.5 gal/min/sq ft. The
GAC/sand filters served a dual purpose, both to remove taste and odor as
well as to filter out particulate matter.

Richard (1973) described French experiences at the Vigneux-sur-Seine
water treatment plant near Paris. Filter/adsorbers were compared with post-
adsorbers on a plant scale operation. While a major part of the test was
intended to compare different granular activated carbons, several conclusions
can be drawn, including the practical operating conditions which are summari-
zed in Table 12:

TABLE 12. COMPARISON OF GAC FILTER/ADSORBERS AND POST-ADSORBERS AT
VIGNEUX-SUR-SEINE WATER TREATMENT PLANT

Parameter Units Sand SAC Filter/- | GAC Post-Adsorber
Filter Adsorber

Bed Depth m 0.8 0.8 2.5

Filtration Rate| m/m>/hr | 5.0 5.0 13.6

Empty Bed minutes -—- 9.6 9.6

Contact Time

Backwash

Air Scour m>/me/hr | 55 55 55

Water Wash m3/m2/hr 20 20 *

* varied, depending upon type of GAC used

Source: Richard, 1973

(1) No special operational difficulties were encountered using GAC in
either node of operation.

(2) The]ﬁost of 3AC was less than that of PAC to majntain a similar water
quaiity.
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TABLE 10. COMPARISON OF GAC WITH SAND FOR TURBIDITY REMOVAL AND SERVICE LIFE
Turbidity (JTU) ed Depth Flow Rate Service Life
Site Influent Effluent (feet) (gpm/sq ft) {hours
- Sand GAC Sand | GAC Sand GAC
Pennsylvania +2.140.9*3+0,18+0.05120.2-0.06 2.01FS-300 2.0 32 65
anthracite anthra{ 4.0
cite
Canada 19,145.0*%]20.33+0.03}20.35-0.08 3.53FS-300 3.6 1442 £23+3
2.5
Pennsylvania +4,9+1.1%}+0.48+0.16}+0.45-0.19 2.5]|FS-400 1.4 ND*** 53
2.5
Pennsylvania +1347 ., 2%* ND*** }+0,38-0.18 2.0}FS-400 2.0-3.0 ND*** | ND***
2.0
Wisconsin +1,5-0.75**§+0,.38+0.14}:0.36-0.12 3.0]FS-400 1.8 +73+ 162410
2.9

* after pretreatment

Source:

** raw water

Froelich, 1978

data (no treatment)

*** operators noted no difference




174

TABLE 11. TREATMENT OF DRINKING WATER BY GAC IN SAND FILTERS
IHM. -~ Time To Reach. I0C -— Time To Reach
Plant Contact Time 20% 100% 0.5 mg/1 50% 0.5 mg/1
Location {minutes) BreakthroughlBreakthrough{ Over Breakthrough “Over 50%
California 10 -- -- in&igaj 12 wks 12 wks
West Virginia 7.5 6 wks 18 wks 6 wks 3 wks 10 wks
Canada 8.5 4 wks 14 wks 2 wks 8 wks 12 wks
Pennsylvania 11.0 2 wks 10 wks 2 wks 6 wks 7 wks
Pennsylvania 7.5 2 wks 14 wks 4 wks 4 wks 8 wks

Source:

Froelich, 1978




(3) Use of GAC as the post-adsorber resulted in better water quality than
when used as a filter/adsorber.

(4) Backwash cycles in the filter/adsorber would be dependent on headloss
or some other operational parameter., It was found that better effluent
quality resulted from use of the GAC as a post-adsorber with backwashing
once per week.

Post-Adsorber Applications of GAC

The use of GAC as a "post-adsorber" (after a filtration step) has been
practiced frequently in the United States (Hager & Flentje, 1965; Hager &
Fulker, 1968). However, the majority of experience with this mode of opera-
tion in drinking water treatment currently exists in Europe. Table 13
provides a partial listing of European plants using granular activated
carbon. Of these, it is known that water treatment plants of the Federal
Republic of Germany on the lower Rhine River {Dlsseldorf, Duisburg and
Wuppertal) placed GAC post-adsorber pressure units in operation in the late
195Cs and early 1960s. The Foxcote Treatment Works of the Bucks Water Board
(England) has operated GAC units after rapid gravity sand filtration since
1960 (Ford, 1973). At the Foxcote plant, filtrate is pumped to 2.44 meter
high and 2.4 meter diameter steel pressure vessels with 0.91 meter of 3AC
providing a contact time of 323 seconds.

Several water treatrent facilities are operated by the 5oleta Water
District of California, in which pressure GAC post-adsorbers are used
following diatoraceous earth filtration (Hager & Fulker, 1968; Lawrence,
1968). Several continuous backwash GAC adsorbers also are in operation in
the New England area.

Much can be learned regarding 3AC post-adsorber design and operation
from U.S. nunicipal wastewater treatment facilities incorporating this mode
of treatment (Culp, 198C). A number of wastewater treatment systems are in
operation or are under construction. Most of these facilities include on-
site GAC reactivation systems. Table 14 provides a partial 1listing of U.S.
wastewater treatment plants which incorporate GAC adsorption. Guidance on
the design of 3AC systems is available from an EPA Design Manual (U.S. EPA,
1973) as well as from technical articles (Culp, 1980; Carnes, 1979). Techni-
cal representatives of GAC material suppliers also are good sources of
design information.

Biological Reactors

The intentional enhancement of biological activity in GAC filter/-
adsorbers and post-adsorbers is not common practice in United States water
or wastewater treatment plants, although it is practiced in a number of
European water treatment facilities. The phenomenon of biological activated
carbon (BAC) is described in detail in Sections 8 and 9. It is recognized
that 3AC will continue to serve as a biomass retention medium long after *he
exhaustion of its adsorption capacity.
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TABLE 13,

PARTIAL LIST OF EUROPEAN WATER TREATMENT PLANTS USING 3AC

Flant
Type of GAC | Capacity

Location Plant Contactor cu m/day Preozonation
BELGIUM

Woumren de Blankaart beds 43,2C0 yes
FEDERAL REPUBA

LIC OF SERMANY

Albstadt -- -- 18,000 yes
Cologne -- - - yes
Cologne -- -- -- ——-
Duisburg Wittlaer 111 columns 72,000 yes
Cliren -- -- 36,000 yes
Disseldorf Holthausen columns (MH)} 192,000 yes
Dlisseldorf Flehe columns 88,000 yes
DUsseldorf Am Staad columns 119,000 yes
Frankfurt -- -- - -
Friedrichs- -- -- 30,C00 yes

hafen
Koblenz -- -- -- —
K8nigswinter - -- 4,800 yes
Langenau -- beds 198,700 yes
Leverkusen -- -~ -- -—-
Mainz - - -- ——-
MTheim Johne columns 48,000 yes
Schwabisch -- -~ -- -
Hall

Siegburg -- - 70,000 yes
Solingen -- -- 2,000 no
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TABLE 13 (CONTINUED)

Plant
Type of GAC | Capacity
Location Plant Contactor cu m/day Preozonation
Stolberg Stolberger - 30,000 no
Stuttgart Berg columns 90,C00 no
Slisel - - 30,000 yes
Vallendar Yallena -- 30,0C0 yes
Wiesbaden Schierstein columns 24,4C0 no
Wuppertal Benrath columns (FB)| 150,9C0 yes
FRANCE
Junkirk Mouelle beds 50,000 -—-
Nancy -~ -- -~ “--
Paris Morsang-sur- beds 150,000 -
Seine
Paris Vigneux-sur- beds 36,C00 yes
Seine
Paris Viry beds 120,0C0 no
Chantillon
Rouen 1a Chapelle beds 50,000 yes
ITALY
Turin River Po beds 86,400 no
NETHERLANDS
Amsterdam -- -- 82,200 ---
Rotterdam Kralingen columns 210,000 yes
The Hague -- .- -- ---
SWITZERLAND
Arbon -- - 30,000 yes
Biel -- -- 36,000 yes
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TABLE 13 (CONTINUED)

Plant
Type of GAC |} Capacity
Location Plant Contactor cu m/day Preozonation
Kreuzlingen -- beds 32,400 yes
St. 3allen Riet -- 60,2C0 yes
Zlrich Lengg beds (FB) | 250,000 yes
Zlrich Moos beds - yes
SWEDEN
GYteborg Alelyckan beds (MH) .- no
GOteborg Lackareback beds -—- no
UNITED KINGDOM
Church Milne -- (MH) -—- no
Foxcote -- columns 9,100 no
NOTES: (MH) = on-site Multiple Hearth GAC regeneration facilities
(FB) = on-site Fluidized Bed GAC regeneration facilities

Regeneration Methods and European Costs

Granular activated carbon loses its adsorptive capacity as the surface
area of 3AC becomes covered with adsorbed molecules of pollutants. This
adsorbed material must be removed if the activated carbon surfaces are to be
reused. GAC regeneration is the process of reactivation or removal of the
adsorbed materials from the activated carbon surfaces.

There are many means for regeneration of GAC, including steam, chemicals,
desorption, and even biological activity. However, for water and wastewater
treatment applications, thermal regeneration using high terperatures and
oxidizing atmospheres is the most commonly utilized method. Trermal regenera-
tion is similar to the original activation process and consists of three
phases: drying, pyrolysis and regeneration. Figure 23 1llustrates the
three process steps, while Figure 24 provides a diagram of the steps involved
in on-site activated carbon regeneration.
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TABLE 14.

PARTIAL LIST OF U.S. WASTEWATER TREATMENT PLANTS USING GAC

Type Uperational mgd
of Status Plant Type 0€
Plant Location Contactor |Sept. 1980 Flow Treatment
Upper Occoquon, VA U, P/S 1.0. 15 tertiary
Tahoe Truckee, CA D, P/S I.0. 5 tertiary
S. Lake Tahoe, NV 9, P/S I.0. 7.5 tertiary
Orange County, CA D, P/S I1.0. 15 tertiary
Rocky River, OH D, P/S 0.s. 10 P/C
Fitchburg, MA D, P/S 1.0. 15.3 p/C
Piscataway, MD D, P/S 0.s. 5 tertiary
Derry Township, PA U, G/C 1.0. 5 P/C
Vallejo, CA U, P/S I.0. 13 tertiary
N. Tonawanda, NY U, G/C i.C. 14 P/C
Ocean Beach, NY U, G/C I.0. 0.7 P/C
Alexandria, VA U, G/C I.C. 54 tertiary
Tra, TX U, G/C I.C. 100 tertiary
Garland, TX u/D, G/C I.C. 30 P/C
Niagara Falls, NY L, G/C I.C. 48 P/C
Arlington, VA D, G/C I.C. 30 tertiary
Fairfax County, VA D, G/C I1.C. 36 tertiary
Pomona, CA D, G/C I.0. 10 dechlorination
Cortland, NY D, P/S 1.C. 10 P/C
Leray, NY D, P/S 1.0. 1 p/C
Cedar Creek, NY D, P/S I.C. 5.5 tertiary
Colorado Springs, CO{ D, P/S 1.0. 3 P/C
Civid (Westerly), OH| D, P/S I.C. 50 P/C
Rosemount, MN D, P/S 1.0. 2.6 p/C
Waterville Vly, NH D, P/S I.0. 0.5 P/C & de-Clp
St. Charles, M0 D, G/C I.0. 5.5 tertiary
Sylvan Beach, NY U, G/C I.C. 2 P/C
Aquia, VA U, G/C I.C. 3 p/C
Seneca Creek, MD u, G/C 1.0. 5 dechlorination
Horsepen Branch, MD | U, G/C I1.0. 1 decklorination
Lower Anacostia, MD | U, G/C 0.S. 2 dechlorination
Santa Clara, CA u, P/S -- 4 tersiary
Ely, MN D, P/S 0.S. 0.6 P/C
Damascus, MD u, 3/C 1.3, 0.75 ldechlorination
Abbreviations: P/S = pressurized steel contactors
G/C = gravity concrete contactors
il = upflow contactor
D = downflow contactor
1.0, = believed to be In Operation
0.S. = believed to be Out of Service
I.C. = believed to be In Zonstruction
P/C = Physical/Chemical treatment
tertiary = following conventional secordary treatment
dechlorination = functions primarily as a dechlorination unit
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Figure 23. Process steps in the regeneration of granular carbon.
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Figure 24, GAC regeneration system components.

The four basic types of GAC regeneration furnace are as follows:

(a; multiple hearth
(b) rotary kiln

(¢) fluidized bed

(d) electric moving belt

Each of these units has its individual advantages and disadvantages, with
rultiple hearth units being the most comronly used in the United States.

In 1978, the PTI site visitation team inspected the Lurgi, six metric
ton per day, fluidized bed 3AC regeneration facility at Clisseldorf, Federal
Republic of Germany. Further information on this installation is provided
in the Dlsseldorf plant description of Appendix C. A WABAG designed and
constructed fluidized bed GAC regeneraticn furnace is in operation at the
Wuppertal, Benrath, Federal Republic of Germany water treatment plant. A
Norit fluidized bed furnace is used to regenerate GAC at the ZlUrich, Switzer-
land, Lengg water treatment plant. Multipie hearth regeneration furnaces
are known to be in operation at the Alelyckan water treatment plant of
GYteborg, Sweden and at the Church Milne Treatment Works, Nottingham, England.

The prices charged for granular activated carbon in Europe generally
are higher (65¢ to 80¢/1b) than those charged in the United States (58¢/1b,
average in 1978). Several figures were obtained during the site visits
which verified this fact and each will be discussed below. Prior to descri-
bing these details, several general points will be made about the basis for
such a comparison.
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There are three general factors which account for much of the price
difference. The first is that since SAC is such an energy-intensive product
to manufacture, its price reflects the higher energy costs which prevail in
Europe. Wholesale prices for petroleum fuel in Europe were as much as twice
those in the United States during 1978, and fuel is estimated roughly to
account for 10 to 20% of the total production cost of GAC in the United
States.

The second factcr is the higher cost of labor in France, Germany,
Switzerland and The lletherlands, due to high social and welfare taxes. Many
of these payments are taxed directly to the employer, often as a percentage
of payroll costs.

Conversations with utility managers revealed a third factor which may
influence prices, namely a desire to buy from carbon suppliers doing business
primarily in the purchaser's home country. These national loyalties may
reduce competitive pressures, since each of these countries has very few
activated carton ranufacturers.

The prices of carbon which were quoted during the 1978 site visits are
not manufacturers' list prices, but rather the actual costs paid by utilities
and frequently were based upon competitive bidding. Utility representatives
interviewed agreed that 1ist prices have little bearing on actual cost and
hence are not useful for cost reviews. They also pointed out that actual
costs paid frequently reflect many infiuences which relate only to that
single purchase. For instance, the size of the purchase has an obvious
influence on cost per unit volume. Also, some bidders may quote prices
below normal profit margins when the initial purchase is expected %o lead to
future, higher margin, sales. Some contracts also may call for regeneration
services, which is another way for the supplier of activated carbon to
recover from a reduced initial price. These regeneration contracts may
contain restrictions, however, that require the seller to guarantee high
adsorption efficiency after regeneration, and these 1imits may boost prices
charged. Finally, bid prices may be somewhat higher when the seller expects
to be 1n an advantageous position due to the national loyalties of the
buyer.

The result of all these factors is that one should recognize that any
or all of these influences may be present in the prices discussed below.
Hence, some may be above and others below what would be considered an accurate
market price.

In France, the Société Lyonnaise des Eaux et de 1'Eclairage (SLEE)
operates several water treatment plants using GAC. Several purchases of GAC
had been made in months immediateily prior to June, 1978. The first of these
was based on a full set of competitive bids, with the terms including a
guarantee of the effectiveness upon reactivation. The accepted price was
6.9 French francs per kilogram, or approximately 68 cents/pound, based on
the prevailing exchange rate (in mid-1978) of just under 5 francs per dollar.
A separate purchase of additional GAC for the Vigneux-sur-Seine plant was
quoted at 2,8C0 French francs/cubic meter, or about 65¢/1b, based on the
average density of that type of GAC.
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In The Netherlands, the City of Rotterdam installed SAC in their new
Kralingen plant in 1977. The carbon has been leased for two years from the
manufacturer on a basis which includes reactivation services. Although no
purchase price was set, the utility manager mentioned a 1ikely cost of 1,3C0
Dutch guilders per cubic meter if a flat sales price had been set., Llsing
the same assumptions as above, this figure converts to 67¢(U.S.)/1b, using
the exchange rate prevailing in mid-1978 of 2 Dutch guilders per U.S. dollar.

Treatment plants at Milheim and DUsseldorf, Federal Republic of Sermany
both purchase carbon directly for their own use. At Jlisseldorf, only a
general cost figure was provided, with the comment that some purchases have
been made below this price of 3,500 Deutsch marks (DM) per ton, or approxi-
mately 80 cents/pound based on the then prevailing exchange rate (mid-1978)
of just under 2 DM/dollar. The MlUilheim plant presented a purchase price
(which did not include reactivation guaranteesg of 1,400 DM/cubic meter, or
75¢/1b upon converting in the same fashion.

In summary, GAC prices quoted in Europe ranged from about 65 to 80
cents per pound from five separate sources. Although prices in the United
States can be as high, given certain conditions of purchase, a recent study
has shown estimated U.S. average prices in 1978 to be 58 cents per pound
(Temple, Barker & Sloane, 1978?. With this figure as a base, carbon prices
in Europe range from about 20% to 50% higher than in the United States.

The regeneration of granular activated carbon used in drinking water
treatment plants in Europe, as previously noted, is carried out on-site in a
few cases, but generally involves returning the GAC to the manufacturer for
reactivation. Most of the plants which were visited during 1978 relied upon
outside reactivation services. The costs of this service, however, are
difficult to estimate since the financial arrangements for the service often
are indirect.

Although the Kralingen plant in Rotterdam purchases this reactivation
service from the GAC manufacturer, these costs are included in a two-year
activated carbon lease which has complicated terms. The Dohne plant in
Milheim (Federal Republic of Germany) also was unable to break out these
costs explicitly., The Société Lyonnaise des Eaux et de 1'Eclairage (France)
uses a general figure of about 40% of the cost of virgin carbon. This
estimate was confirmed by a recent negotiation for reactivation service,
including removal from the plant, transportation, reactivation and return.
The price of 2.9 French francs per kilogram, approximately 29¢/1b, is equiva-
lent to 42% of the purchase price of this activated carbon.

Several of those plants currently sending GAC out for reactivation were
examining the possibility of purchasing their own regeneration furnaces.
Such a decision involves examining the relative costs of on-site and off-
site regeneration. Although none of the results of these studies were made
available to the site visitation team in June, 1978, they will provide much
additional data in the future, if and when released.
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The fluid bed regeneration furnace operating on-site in Dlsseldorf
(Federal Republic of Germany) has been the study of previous research
reports published in the United States (Symons et al., 1978; Miller et al.,
1978) and in Sermany (Poggenburg, 1975). The furnace has a capacity of
about 6 metric tons/day and operates in a two-stage fashion. Carbon losses
averaged 8 to 9% per reactivation cycle during the first year of operation,
with about 4 to 5% of this loss taking place in the furnace itself, and the
balance occurring during movement of GAC from the adsorption beds to the
furnace and return. At Dlisseldorf, the spent GAC from each of the three
¢ity water treatment plants is piped by aqueous slurry to the single reactiva-
tion facility installed at the centrally located Holthausen water treatment
plant.

Although the actual capital and operating costs of this furnace have
not been disclosed as yet, an estimate was made by the utility director that
the total reactivation cost is somewhat less than 30% of the original price
of the virgin GAC. Based on the figure of 80¢/1b noted above as being
somewhat high, the total cost of regeneration in this unit would be about
20¢/1b. However, this is based on several uncertain assumptions, which thus
make the 20¢ figure itself uncertain.

CVERVIEW OF EUROPEAN EXPERIENCE WITH GAC

Observations made by the 1978 site visitation team were intended
primarily to address the subject of BAC. However, certain insights into 3SAC
applications in specific European countries were obtained. CJust as treatment
philosophies vary from country to country, so do the applications of GAC.

In any case, generalizations into national or continental philosophies must
be viewed cautiously.

French applications of GAC include the repiacement of sand in filters
at plants such as Vigneux-sur-Seine and Viry-Chantillon {(Richard, 1978) and
its appiication as gravity post-adsorbers such as at Morsang-sur-Seine and
the Rouen-la-Chapelle plants. GAC currently is used for taste and odor
control, but the BAC process is being practiced full-scale at Rouen-la-
Chapeile and studied on pilot plant scale at Morsang-sur-Seine. GAC is
regenerated off-site at these plants. After 3 years of service at Rouen,
one of the GAC beds was reactivated, simply to determine what plant operating
techniques would be affected and to determine the properties of the reactiva-
ted material (Schulhof, 1980a).

The single Netherlands plant visited (Kralingen plant at Rotterdam)
uses a steel pressure GAC post-adsorber after gravity filtration. Despite
the relatively large capacity of the treatment plant, off-site activated
carbon regeneration is practiced, perhaps due to the presence of a commercial
regeneration facility in close proximity to the Kralingen plant. A survey
of European water treatment practice (Water Research Center, 1977) states
that 3AC is applied in The Netherlands to remove the micropollutants which
give rise to taste and odor problems, toxic materials and to remove as much
of the TOC as possible.
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GAC adsorbers in the Federal Republic of Germany were observed to be of
the pressurized post-adsorber type. Many of those used in the treatment
plants of the lower Rhine River are incorporated into a unique, two-level
unit which incorporates filtration in an upper level and adsorption in a
lower level (Figure 19). Other facilities incorporate post-adsorber designs
more familiar to United States practice, as illustrated in the plant descrip-
tion of the Dohne (Mlilheim) plant in Appendix E. The previously referenced
survey of European water treatment practice (Water Research Center, 1977)
describes 3AC practice in the Federal Republic of Germany as follows:

"Activated carbon is extensively used in the treatment of surface
water, primarily for the removal of organics and taste and odor.
Activated carbon is used only in the granular form, most’y in pressure
filters operated at approximately two atmospheres and with a bed depth
of two meters. At present, regeneration is carried out by the manufac-
turers; however, in the immediate future, some treatment plants will
carry out regeneration on-site using fluidized bed techniques. Some of
these regeneration plants are already under construction.

Karlsruhe University operates a monitoring service for treatment works
experiencing difficuities with activated carbon filters. Their work
has included identification of organic groups in water and development
of TCC measurement apparatus and teckniques."

Some GAC installations appear to utilize reinforced concrete, gravity
post-adsorbers. Due to the high quality of Swiss raw water sources, the
application of GAC appears to be rore of insurance against chemical spills
rather than an everyday need for specific contaminant removal.
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SECTION 8
BASIC PARAMETERS OF BAC SYSTEMS

The four component steps of BAC processing [(1) chemical oxidation,
oxygenation, aeration, (2) inert media filtration, (3) GAC adsorption anc
(4) biological oxidation] will be discussed in this section. It is important
that each individual step be taken only to the point at which the processing
can be passed along to the next stage, in order to assure maximum cost-
effectiveness.

STEP NO. 1 -~ CHEMICAL OXIDATION, OXYGENATION AND AERATION

Chemical Oxidation

Chemical oxidation reactions of organic materials rarely proceed at
constant rates. If the first oxidation product is more oxidatively stable
than was the starting material, the oxidation reaction rate will tend to
slow down as the starting material becomes depleted. This is because chemical
reaction rates usually are concentration-dependent. In the early stages,
when the readily oxidized starting material is present at its highest concen-
tration, the oxidation rate will be at its fastest. However, as the starting
material reacts to produce a more oxl!dation-resistant material, {its concentra-
tion is lowered, and the overall rate of oxidation will decrease.

The concentration of chemical oxidant frequently is important: in such
reactions, but less so than is the concentration of the oxidizable organic
starting material. Nevertheless, when the initial chemical oxidation rate
slows down, because of lower concentration of starting material, it is a
natural thought to try to increase the overall oxidation rate by addition of
more oxidant. In some cases this may be effeetive, but not if the kinetics
of the pertinent oxidation reactions are slow. In such cases, the addition
of excessive quantities of oxidant will only increase costs relative to that
for the initial stage of chemical oxidation.

A primary objective of chemical oxidation, as the first step in BAC
processing, is to convert as much biorefractory dissolved organic material
as possible to biodegradable material using as 1ittle oxidant as possible.
However, examination of Figures 13, 14 and 15 (which show structures of
chemical intermediates formed during enzymatic oxidation of several types of
organic compounds) indicates a possible secondary role of chemical oxidation.
The biochemical pathways by which these compounds are oxidized involve the
presence of many biologically generated enzymes, and a progression of biclogi-
cal oxidation steps to produce smaller compounds. Even if some of the
starting organic compounds present in the water/wastewater to be treated by
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BAC processing already may be biodegradable, chemical oxidation may result
in effectively skipping several enzymatic steps in the biological oxidation
process. It is known (Rice & Miller, 1977) that chemical oxidation of many
organic compounds with ozone or chlorine dioxide produces the same oxidized
organic compounds that are produced upon biological oxidation.

In considering chemical oxidation as the first step of BAC processing,
one should keep in mind the following key points:

1) The relative ease of chemical oxidation of the starting material,

2) The relative ease of chemical oxidition of intermedfate oxidation
products,

3) The stability of the "end products" to further chemical oxidation,

4) The cost-effectiveness of additional oxidant necessary after the
initial oxidation reaction has slowed,

5) The cost-effectiveness of increasing detention time in the presence
of excess oxidant after the initial oxidation reaction has slowed.

Point No. 3 is of sufficient interest to warrant more detailed explana-
tion. Gould & Weber (1976) have shown that when phenol is ozonized, many
intermediate organic oxidation products are produced (including catechol, an
intermediate in the B8-ketoadipate pathway of bacterial oxidation -- Figure
15) and that oxalic acid (HOOC-CCOH) is a relatively stable end product. In
addition, Gilbert (1977) has shown that the rate of oxidation of water
solutions of oxalic acid with ozone is very slow, as measured by the rate of
generation of COp. On the other hand, when small amounts of hydrogen per-
oxide, H202, were added to the solution, then the rate of conversion of
oxalic acid to COp upon ozonation increased rapidly.

Thus it is possibie to chemically oxidize some organic materials to end
products which are quite stable, and therefore, to be unable to convert them
completely to CO2 and water by continued chemical oxidation. Fortunately,
however, these stable end oxidation products usually contain more oxygen
than did the original organic materials. This means that they are more
likely to be rapidly biodegradable compared with the starting organic mater-
jals before chemical oxidation.

On the other hand, some biorefractory organics will require relatively
high dosages of ozone to increase their biodegradability. For example,
Gilbert (1978) reported on ozone oxidation of dilute aqueous solutions of
aniline, benzenesulfonic acid, 4-chloro-o-cresol and 2-nitro-p-cresol. He
showed that utilized ozone dosages of 3 to 6 g/g of DOC originally present
were required to increase the biodegradability of the oxidized products
significantly over those of the starting materials. In qdd1t10n, aniline
itself was shown to be more biodegradable than were its inftial oxidation

products.
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The significance of the preceeding discussion is that if chemical
oxidation is incorporated into the BAC process as the initial step, it will
be beneficial to determine what specific organic compounds are present 1n
the water to be treated. This knowledge will allow use of only the minimum
amount of the appropriate chemical oxidant as is necessary to convert the
starting organic material(s) to oxidation products which are now more biodeg-
radable (and in most cases, less GAC adsorbable) than they were before
oxidation. Chemical oxidation should not be coupled with BAC processing
when the objective of oxidation is to convert the organic material to CO
and water in a single step. The lower the amount of chemical oxidant which
must be employed to attain this initial objective, the lower will be the
chemical cost of the overall BAC process.

Chemical oxidants which have been employed in this initial BAC processing
step include ozone, potassium permanganate, chlorine and chlorine dioxide
(Rice et al., 1979a; 1979b). It is likely that other strong oxidants, such
as hydrogen peroxide, also ¢an be employed, with the degree of success
dependent upon the relative costs and oxidation powers of each oxidant
involved and the specific organic materials to be oxidized.

Kappe (1978) conducted a study of pretreatment methods for the Hagers-
town, Maryland sewage treatment plant. The Hagerstown plant effluent includes
wastes from 130 industrial firms classified into more than 25 different
product categories. Some of the industrial wastewater components exert high
jmmediate and ultimate oxygen demands that either could not be satisfied by
the treatment plant, or were otherwise detrimental to the biological processes
of the treatment system. Pretreatment methods tested at Hagerstown were
intended to assist the plant to satisfy the oxygen demands by providing
initial oxidation. The methods used were: diffused aeration (with and
without the addition of waste activated sludge), addition of sodium nitrate,
chlorination (at dosages of 12, 24, 30 and 60 mg/1) and potassium permanganate
(at dosages of 0.53, 1.1, 2.1 and 4.2 mg/1). Preaeration and prechlorination
(at the lowest leve) of applied chlorine) proved to be effective pretreatment
methods, increasing the BODs removal efficiency of the plant under dry
weather conditions from less than 70% to above than 90%. However, Mn0g at
the Tow levels used did not increase biodegradability of the Hagerstown
sewage.

In other recently reported studies, Coco et al. (1979) evaluated
ozonation as a pretreatment for biorefractory Tndustrial petrochemical
wastewaters from halogenated hydrocarbon, isocyanate, acetylene and styrene
manufacturing industries. Complete oxidation of the biorefractory ccmponents
of these wastewaters with ozone proved to be uneconomical., Haowever, ozonation
was shown to be effective for pretreatment of wastewaters from the manufacture
of toluene diisocyanate, ethylene glycol, styrene monomer and ethylene
dichloride. Batch biooxidation studies showed that ozonation improved the
biotreatability of these industrial wastewaters.

It should be noted that potassium permanganate has the disadvantage of
producing insoluble manganous hydroxide sludges, which must be reroved from
the system. Chlorine and, in some instances, chlorine dioxide can produce
chlorinated organic materfals, which normally are less biodegradable than
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are non-chlorinated organic materials. In addition, chlorinated organics
may not be removed efficiently by subsequent GAC adsorption. Even if they
are adsorbed by GAC later in the process, the fact that they are not as
rapi?]y biodegraded means that eventually they can saturate the GAC and
require regeneration of the GAC at that time. Studies by Rook at the Rotter-
dam (The Netherlands) Water Works (Private Communication, 1978) have shown
that chloroform can be adsorbed by GAC, but is slowly eluted from the column
(before saturation and breakthrough) when chloroform-free water is passed
through the GAC media. This behavior has been confirmed by McElhaney et al.
(1980) during studies at Philadelphia's Torresdale drinking water treatment
plant. Thus, chemical oxidation via chlorination actually can add to subse-
quent BAC processing costs by causing early breakthrough of halogenated
organics.

In general, ozone, hydrogen peroxide, chlorine and chlorine dioxide
will produce only small quantities of insoluble by-products by the process
known as microflocculation (see discussion of Step No. 2, below). In addi-
tion, neither ozone nor Ho02 are yet known to produce biorefractory organic
oxidation products, and, as of the present state of knowledge, must be
considered to be the preferred chemical oxidants. It 1s also likely that
chlorine dioxide (in the absence of free chlorine) can be a preferred oxidan®
for many organic contaminants; however, chlorinated organics are produced
under certain conditions (Rice & Miller, 1977). As will be presented ‘ater
in this report, most of the BAC studies reported to date have involved
ozonation or aeration; very little research has been done with peroxide.

One major benefit of using ozone as the chemical oxidant is that the
DO content of the aqueous medium becomes elevated concurrently as the ozone
is added. When ozone is generated in air, a gaseous mixture containing 1%
to 2% of ozone in 95% to 98% of air is produced. When ozone is generated
from oxygen, a gaseous mixture containing 2% to 4% of ozone in 96% to 98% of
oxygen is produced. Thus, during ozonation, considerable amounts of oxygen
are passed through the aqueous solution, thereby elevating the DO content
prior to inert media filtration.

With solutions containing organic materials which are resistant to
ozone oxidation (PCBs, pentachlorophenol, heptachlorepoxide, etc.), it may
be possible to couple ultraviolet radiation with ozonation to oxidize these
refractory compounds. Ozone/UV combinations have been shown to increase the
rate of oxidative destruction of such compounds (Prengle & Mauk, 1978;
Arisman et al., 1979). Chloroform, which does not react with ozone to form
soluble chioride ion in aqueous solutions, has been shown to form chloride
ion when subjected to simultaneous ozone and ultraviclet radiation treatment
(Prengle & Mauk, 1978).

Oxygenation, Aeration

Chemical oxidation is not always required during step 1. If the
organic materials present already are biodegradable and are non-biorefrac-
tory, then an oxidant will not be mandatory. In such cases, the first step
can be merely a preaeration or preoxygenation so as to provide the required
quantity of DO to allow the subsequent biochemical conversions to occur to
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the desired degree(s). Aeration conditions are employed in several drinking
water treatment plants in the Federal Republic of Germany. Preaeration of
the partially treated raw water s effected before passage through slow sand
filters and/or through GAC. On the other hand, wastewaters which contain
large quantities of BODg, for example, should be pretreated biologically
before considering BAC treatment for removal of the more biorefractory
components. Otherwise large amounts of CO will be required during BAC
processjng, causing large quantities of sludge to be produced. In turn,
these will require more frequent backwashing of the inert and GAC media.

STEP NO. 2 -- INERT MEDIA FILTRATION PLUS BIOLOGICAL OXIDATION

One practical reason for this intermediate filtration step is simply to
protect the GAC media from becoming fouled with insoluble materials, which
would require more frequent backwashing of the GAC column or bed. Cne major
source of these insoluble materials is the "microflocculation" which occurs
as a result of chemical oxidation of the soluble micropollutants.

The terminology "micropollutant” has evolved from European drinking
water treatment practice to describe small amounts of soluble poliuting
components which cannot be removed easily from raw water supplies by the
normal processes of flocculation, coagulation, sedimentation and filtration.
When these micropollutants are chemically oxidized, they become more polar
in nature, due to the introduction of oxygen into their structures. In
turn, the increased polarity allows them to hydrogen bond to other organic
molecules which contain labile hydrogen atoms, thus increasing the effective
molecular weight of the organic molecules. If this molecular weight increase
becomes sufficiently high, water solubility will decrease. In addition, if
polyvalent cations (such as magnesium, calcium, iron, aluminum, etc.) are
present, these cations can react with the oxidized micropollutants, causing
them to coagulate and precipitate.

The combination of all these secondary effects, which occur after
chemical oxidation, is termed microflocculation, or flocculation of the
micropollutants. In many European drinking water treatment plants, the
ozonation step is followed by sand or anthracite filtration in order to
remove the increased turbidity produced upon ozonation. An excellent
discussion of the phenomena involved in microflocculation has been presented
by Maier (1979).

In addition to being water insoluble, many of the materials present in
the microflocculant are biodegradable, because of the introduction of
oxygen into their chemical structures. As a result, there can be an increase
in biological activity in the solid media through which these materials are
filtered. Therefore, if inert media filtration follows chemical oxidation,
the insoluble flocculated micropollutants will be physically removed from
solution and a significant portion of the bfological activity which resuits
can be caused to occur in the inert media employed.

In European drinking water treatment plants which are utilizing BAC

processes, 1t has been found that when the raw waters coptain ammonia, most
of the nitrification (about 80%) occurs in the inert media which precede GAC
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adsorption (Rige, 1979a; 1979b). Therefore, the GAC medium is allowed to
perform its primary tasks, first as an adsorber of soluble organic materials,
and second as a biologically active medium in which at least a portion of
the adsorbed organic material is biologically degraded to COz and water and
in which some adsorption sites are regenerated.

In sewage yreatment, two fluidized sand bed processes have been described
in which pio]og1ca1 treatment {s conducted, It is claimed that both processes
save considerable space over classical biological treatment processes.

Jeris et al. (1977) describe the Hy-Flo process in which sand beds are
fluidized with water and the medium is maintained aerobic by addition of
pure oxygen. Three pilot plant studies using the Hy-Flo process were
reported by Jeris et al. (1977) in Nassau County, New York. These ranged in
size from 40,000 gal/day for denitrification to 80,000 gal/day for reduction
in levels of carbonaceous BOD5 and nitrification. Complete BODg and ammonia
removal was obtained in a fraction of one hour of treatment and in less than
5% of the space required to obtain comparable removals by efther the activated
sludge or trickling filter processes. The empty bed ccntact tirme of the
sand beds was 6 minutes. However, optimum contaminant removals were obtained
when a recycle ratio (recycle flow/primary effluent flow) of 1.5 was employed.
This corresponded to an actual empty bed contact time of 15 minutes.

A second fluidized sand bed process, the Oxitron system (Anonymous,
1979), also uses pure oxygen and partial recycle. A pilot plant study was
conducted on wastewater from a corn wet-milling plant in Iowa and 95% BODg
removals were attained. Estimated total energy required (for oxygen regenera-
tion, feed and recycle stream pumping and biomass separation) for treatment
of a 3,0C0 mg/1 BOD; influent at 1 mgd was 544 hp. It is claimed that a
comparable air-activated sludge system would require 650 hp for powering
aerators and sludge recycle pumps.

The BASF plant at Ludwigshafen, Federal Republic of Germany has been
operating an activated sludge plant for treating wastewaters from more than
3C0 separate organic chemicals manufacturing processes along with sewage
from several nearby cities. Effluent from this treatment plant currently is
discharged to the Rhine River. The daily BOD5 load is 150 to 350 tons/day

average 260 to 270) and the effluent normally contains 10 to 13 tons/day
95% BODg removal) and 50 tons/day of total organic carbon (TOC).

The BOD5 contained in the BASF effluent is of no concern to German
authorities, since it will continue to be degraded biologically in the Rhine
River. However, there is concern for the COD which is discharged, since it
could contaminate raw drinking water supplies further downstream.

BASF is conducting pilot plant scale tests which involve recirculating
the effluent from their large activated sludge treatment plant through GAC
adsorbers (downflow) with continuous aeration or oxygenation. Sontheimer
(1979b) reported that this pilot plant test system has been operating continu-
ously for 18 months and has been removing over 90% of the TOC (Figure 25)
present in the activated sludge plant effluent.
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Finally, if ozonized wastewater is passed directly into GAC media
without intermediate filtration, there is the possibility of residual
dissolved ozone being present. This will be destroyed by reacting with the
GAC, but, consequently, will oxidize some of the carbon. The net result
will be a sTow loss of GAC. This effect has been noted at Water Factory 21,
in Orange County, California, where ozonized secondary effluent has been
passed directly into GAC columns. After a number of months of such operation,
the GAC particles have been found to be much smaller than their initial size
(Argo, 1979, Private Comrunication).

STEP NO. 3 -- REAERATION/REOXYGENATION

Because the biological activity which occurs in the inert medium
utilizes oxygen (recall that nitrification alone requires 3 to 4.5 equivalents
of J0 per equivalent of ammonia-N to produce nitrate), the aqueous solution
which passes through the inert medium can become depleted in 20. If this
occurs, then inert medium filtration should be followed by a reaeration or
reoxygenation step. The choice between reaeration or reoxygenation will
depend upon the amount of oxygen which will be required to satisfy the
biological demands of dissolved organic materials during subsequent passage
through GAC.

STEP NO. 4 -- GAC ADSORPTION + BIOLJGICAL OXIDATIIN

Following chemical oxidation, inert media filtration and reoxygenation,
the aqueous medium now is ready for passage through SAC, during which
adsorbable organic materials present will be adsorbed. In addition, other
slowly biodegradable organic materials, which were not completely degraded
during passage through the inert filtration medium, will continue to be
biologically oxidized as the aqueous solution passes through the GAC medium.
This can occur because GAC media operating in biologically enhanced modes
contain bacterial colonies on the outer surface layers and in the large
macropores. The macropores normally represent only about 1% of the total
pore surface area available in 5AC, but these are the only pore openings
large enough to physically house bacteria. Cn the other hand the micropores,
which make up about 99% of the total 3AC pore volume, are too small to
accomodate bacteria. Figure 26 scheratically shows the relationship between
micropores, macropores and bacteria.

GAC macropores are the large openings through which a dissolved organmic
molecule must pass on its way into the smaller micropores, where it is
adsorbed. Thus the dissolved organic molecules are exposed to bacterial
action as they pass by on their way into the micropores. If and when the
adsorbed organic molecule is later desorbed from the micropores and diffuses
back out into the main solution stream, it must pass the bac¢terial colonies
located in the macropores once again.

Bacteria can secrete enzymes which are much smaller in size than are
the bacteria themselves. Enzymes are molecular in size, and some may be
small enough to find their way into the micropores of the GAC. In the
presence of sufficient dissolved oxygen, these enzymes can cause partial
oxidation of some of the organic molecules adsorbed in the micropores,
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changing their adsorption characteristics and causing them to desorb. As
they are desorbed, they pass out of the GAC micropores and past the bacteria
located in the macropores, where they can be further biodegraded.
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Figure 26. Schematic representation of a GAC particle,

showing pore sizes and bacterial growths,

Enzymes are not the only cause of desorption of adsorbed molecules,
howaver. Other organic chemicals which are more tightly bound by GAC than
are the originally adsorbed moiecules can be present in the water/wastewater
being treated. As an example, chlorinated organic molecules are more strongly
adsorbed (and also are less biodegradable) than are materials such as phenols.
Thus GAC can be saturated with phenols and, at the same time, the biological
activity present can be degrading adsorbed phenols into C02 and water. If
the concentration of phenol in the water passing through the GAC, the [O,
the size of the GAC column or bed and the detention time of the aqueous
medium (the empty bed contact time) all are properly chosen, then the system
can attain an equilibrium status. At this point, the rate of biochemical
oxidation of adsorbed phenol will be equal to the rate of adsorption/desorp-
tion of phenol, and the net effect will be that the system is in balance.
Under ideal circumstances, all phenol contained in the original solution
will be removed, either by adsorption or by biological oxidation, and the
effluent will contain no phenol.

If a chlorinated organic material, say chloroform, is introduced.into
this balanced system, the balance will be upset. Chloroform will desorb
some of the phenol and itself be adsorbed. However, the rate of biochemical
oxidation of chloroform is very much siower than is that of phenol. The
result will be that the empty bed contact time now will be much too short
for attainment of a chloroform equilibrium such as was obtained with phenol.
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In addition, adsorbed phenol will be desorbed at a rate faser than the
bacteria can decompose it, and thus non-degraded phenol will be present in
the BAC effluent.

As a result, the loading of adsorbed chloroform will increase until one
of two conditions prevails. If the GAC becomes saturated with chloroform
and devoid of phenol, the GAC must be removed from the adsorber and be
thermally reactivated. Alternatively, the concentration of adsorbed chloro-
form can reach a point that even though saturation does not occur, desorption
(or leakage) of chloroform still begins to occur. In either event, chloroform
now appears in the GAC effluent in unacceptable quantities, and the GAC must
be reactivated.

It is clear, therefore, that if a dynamic equilibrium can be estab-
1ished whereby the rate of adsorption of organic impurities and biochemical
oxidation of desorbing organic impurities become equal, the biologically
enhanced GAC system will continue to remove biodegradable organic {mpurities
from solution without the need to thermally reactivate the SAC. It will
only be necessary to maintain a necessary level of DO and to backwash the
inert media filters and the GAC adsorption medium periodically to continue
the process. When such an equilibrium has been established, the ability of
the GAC to adsorb sudden surges of non-biodegradable organic compounds
(which are less polar and, therefore, are more strongly adsorbed by 3AC) is
still available.

One should not assume from the preceeding discussion that effluents
from GAC columns operating under optimized adsorption and biological condi-
tions will be entirely free of dissolved organic carbon. During early
stages of GAC use, when the activated carbon acts purely as an adsorber, all
adsorbable dissolved organic carbonaceous material can be removed from
solution. However, as biological activity develops over a period of several
weeks, the DOC content of the GAC effluents has been shown to increase. At
equilibrium, the amount of DOC "apparently removed" from the influent ranges
from 20% to 50%. We emphasize "apparently removed" because the composition
of the organics in the effluent currently is unknown. Since the influent
organics have been exposed to biological activity, at least some of the
organics now present are 1ikely to be products of biochemical oxidation
and/or decomposition products of the organics or{ginally fed to the GAC
media. There is also a high probability of by-products of bacterial metabolic
processes being present. Finally, high bacterial colony counts always are
present 1n GAC effluents, once the biological activity has built up in the
media. These will be measured as DOC or TOC by normal analytical techniques.

It is also important to recognize that microorganisms require different
lengths of time in which to adapt to the particular soluble organic materials
present in the waters being treated. The term "readily biodegradable"
actually applies only when the microorganisms adapt quickly to their sub-
strates. This can take a short time (less than 24 hours), as in the case of
glucose, or significantly longer (several weeks), as in the case of p-
nitroaniline (Benedek et al., 1979).
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_ Stephenson et al. (1980) determined that the effect of ozonation on
biodegradation of organic materials has not yet been studied in a thorough
scientific manner and, therefore, undertook an investigation with this
purpose in mind. In the first report in this series, ozonation of two river
waters and solutions of o- and p-nitroaniline was followed by respirometric
biodegradation studies. Oxygen uptake and organic uptake during biocdegrada-
tion were found to be improved by ozonation, except in the case of p~nitroani-
1ine, oxidation products of which becare less biodegradable. These investi-
gators concluded that intermediates were Torried upcn ozonation which either
inhibited biological activity or to which the inoculum was unable to acclimate
over the period of study (3 weeks).

Stephenson et al. (1980) also defined a new parameter which indicates
the fraction of dissolved organic material made bjodegradable by ozonation.
This parameter, f, is defined as:

f= [ACODo - (X)ATOCo]/CODo eq. 8

]

where f = fraction of COD partially oxidized

€0D = COD concentration after ozonation
ACODo = change in COD concentration due to ozonation
ATOCO = change in TOC concentration due to ozonation
X = oxygen equivalent required to oxidize organic molecules

to CO2 and water

The value of X was calculated (Stephenson, 1979) to be 2.62 for the two
river waters and 3.33 for nitroaniline solutions.

Finally, Stephenson et al. (1980) found that TOC removal from solution
by a combined ozonation-tTodegradation process ranged from 10% to 70%,
depending upon the specific ozone dosage applied and the water source studied,
and that an ozone dosage of 2 mg/1 was the most cost-effective for the
waters studied.

In the second part of the above study, Benedek et al. (1980) studied
the effect upon GAC adsorption of river water organics after ozonation,
either followed directly by GAC adsorption or followed by biodegradation,
then GAC adsorption. Prior to bfodegradation, a 2 mg/1 ozone dosage increased
the GAC adsorptivity, but at higher ozone dosages GAC adsorptivity decreased.
However, following ozonation and biodegradation, GAC adsorption of the
remaining organics was increased. These authors concluded that pretreatment
(coagulation, flocculation, filtration) can remove about 35% of the TOC in
river water, ozonation removes very little TOC (at a 2 mg/1 dosage;, biodegra-
dation removes another 15% and adsorptfon at a GAC dosage of 160 mg/L removes
an additional 38% of the TOC.
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___ SECTION 9
EUROPEAN BAC APPLICATIONS AND STUDIES

FEDERAL REPUBLIC OF GERMANY

Introduction of granular activated carbon into European drinking water
treatment practices occurred before World War II, its initial applications
being for dechlorination and for taste and odor control (Hopf, 196C). When
surface waters undergo high levels of prechliorination, considerable amounts
of residual chlorine and chlorinated organics are produced in the water
(Sontheimer et al., 1978). European water treatrent objectives are to
process surface waters to the same quality as that of natural groundwater
(which does not have to be treated in many cases). Therefore, prechlorinated
waters have to be dechlorinated before they are treated further or distributed
(Sontheimer, 1977a).

Dlsseldorf

The City of Dlisseldorf originally installed ozone for oxidation of jron
and manganese in its sand bank filtered Rhine River raw water in the mid-
1960s (Miller et al., 1978; Hopf, 1960). Today, ozonation is followed by 20
te 30 minutes retention in a holding tank, then by filtration through an
inert medium, then granular activated carbon, then treatment with a small
quantity (up to 0.3 mg/1) of chlorine dioxide for residual. During storage
of the ozonized raw water at Dlsseldorf, oxidized iron and manganese ions
are allowed to flocculate and settle. In addition, excess ozone (and small
amounts of permanganate formed by ozonation of manganese fons) continue to
oxidize dissolved organics. This holding time {is not practiced at all
European plants employing preozonation followed by filtration.

The Rhine River in the Dsseldorf area contains considerable amounts of
chlorinated organic materials which are not removed during river sand bank
filtration. These halogenated organics also are more resistant to oxidation
by ozone than are non-halogenated organics, and thus are less likely to be
converted into readily biodegradable materials, In addition, halogenated
organics are more tightly adsorbed by the GAC (Ktthn & Fuchs, 1975; Kd1lle,
Sontheimer & Steiglitz, 1975).

Combining the stronger adsorptivity of halogenated organics onto
granular activated carbon with their lesser reactivity upon ozonation and
their lower biodegradability, simply means that breakthrough of halogenated
organics can occur more rapidly than does breakthrough of non-halogenated
organic compounds from GAC columns, even though the GAC columns may contain
optimal biological activity. Thus, German water works along the Rhine in
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the Dlsseldorf area monitor thefr carbon column capacities for Total Organic
Chlorine (T0C1) (by the method of Kihn & Sontheimer, 1973a,b; Xlhn, 1974;
KUhn & Sontheimer, 1974), as well as for J0C (by the method of WHlfel &
Sontheimer, 1974) and UV absorption. Carbon columns at three Disseldorf
plants along the Rhine (Flehe, Am Staad, Holthausen) are backwashed every 4
to 6 weeks and are regenerated every 5 to 6 months when the adsorbed 7CC1 on
the GAC itself reaches the lower 25% of the carbon beds or if soluble TOCT
appears in the carbon colurn effluent before adsorbed TOCT reaches the lower
25% of the carbon bed (Miller et al., 1978; Poggenburg, 1977, 1978).

When DUsseldorf activated carbons are regenerated, however, only some
80% of the carbon charge is taken out of the columns. This leaves a portion
of biologically active carbon in the column so that the level of bioactivity
will not drop significantly when fresh or regenerated carbon is added. With
fresh carbon columns, about 15 days of operation usually are required for
biological activity to build up to an effective "steady state", particularly
for ammonia removal (Poggenburg, 1977).

It is Tikely that the following processes are occurring simultaneously
in the granular activated carbon beds at Cdsseldorf:

1) Non-adsorbable, biodegradable organic materials are being converted
biologically into CO2 and water as they pass through the bed (as they
would be degraded biologically in a slow sand filter),

2) Adsorbable, biodegradable organic materfals are being adsorbed and may
be degraded biologically. Breakthrough of these materials and those of
1) above is not observed because the GAC column sizes and flow rates of
water being processed are designed so that the rate of overall biodegra-
dation is at least equal to the rate of loading of the GAC columns from
the ozonized waters.

3) Adsorbable, non-biodegradable compounds (such as those making up Total
Organic Chlorine, TOC1), are being adsorbed by the GAC but not being
biodegraded at any appreciable rate,

4) Non-adsorbable, non-biodegradable organic materials are passing through
the GAC unaffected and

5) Some of the adsorbable, non-biodegradable materials may be desorbed if
more strongly adsorbed but still non-biodegradable compounds enter the
GAC bed. In such cases, those materials so desorbed from the early
portion of the GAC column can be readsorbed in Tower portions of the
GAC medium.

Thus, in terms of EPA's THM regulations and proposed SOC regulations,
Diisseldorf plants are using GAC to:

1}  remove THM precursors (by partial oxidation during ozonation, followed

by filtration through biologically active "inert" media, then adsorption
onto GAC and/or biological degradation),
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2) remove chlorinated synthetic organic chemicals (by adsorption) and

3) remove those unidentified, adsorbable non-biodegradable SOCs which are
more strongly adsorbed by the GAC and whose breakthrough would occur
only after TOC1 breakthrough.

Over the years which followed installation of "the Dlsseldorf Process,
1t was noted that more dissolved organic carbon was being removed than could
be expected on the basis of the simple summation of the known effects of
ozonation and of GAC adsorptive treatment. When it was also discovered that
ammonia levels were much lower after GAC treatment than before, the aerobic
biological activity within the activated carbon columns was recognized as
being beneficial and was examined in closer detail. An extensive, 3-year
pilot plant testing program was conducted on biologically enhanced granular
activated carbon at the Auf-dem-Werder water treatment works in Bremen,
Federal Republic of Germany by Eberhardt, Madsen & Sontheimer (1974), which
will be described in some detail later in this section.

Wiesbaden

Klotz, Werner & Schweisfurth (1975) reported on a continuing study of
the microbiology in granular activated carbon filters at the Schierstein
water treatment plant in Wiesbaden. At this plant, Rhine River water is
aerated, settled, chlorinated to the breakpoint, flocculated, filtered
through sand, then granular activated carbon, then sent to ground infil-
tration. There is no preozonation of the activated carbon column.

Studies of the performances of and bacterial activities in activated
carbon columns at Wiesbaden over a period of 3 years have shown that seasonal
influences are only slight. There 1s a tendency for decreased microbial
activity in winter, as indicated by lower oxygen consumption and carbon
dioxide production values. However, changes in raw water quality also were
shown to cause substantial changes in the colony numbers (total count of
living and dead bacteria) present in the GAC columns.

Adsorption isotherms were determined for bacteria loaded on the carbon.
At_high colony numbers (above 1010/m1) the system tended to saturation. At
107 to 108/m1, up to 90% of the bacteria were adsorbed onto the carbon
(Figure 27, upper). After 20 to 30 hours of operation, adsorption and
desorption were nearing the steady state (Figure 27, lower) of about 108
colonies/g of carbon. Electron scan microscopic analysis of granular acti-
vated carbons treated differently showed that the bacteria are never present
in greater than a single bacterial layer. Thus the total carbon surface
area is only fractionally utilized (about 1%) by the adsorbed bacteria, )
leaving 99% of the total surface (pore) area of the carbon free for adsorption
of dissolved organic materials. This confirms the work of Van Cer KooiJ

(1975) in The Netherlands.

Figure 28 shows the numbers of bacterial colonies present in the
Wiesbaden raw water, in the sand filtrate and in the GAC filtrate for the
nearly 4 year period of early 1972 through 1975. Bacterial levels in the
inlet and after the sand filter remained essentially the same throughout
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loading (colony nos/g GAC)
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adsorptive concentration
(colony numbers/200 mL buffer),

loading (%)
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adsorptive concentration
(colony numbers/200 mL buffer).

Figure 27. Microbiological loading of GAC~~
dependence on adsorptive capacity.

(Klotz, Werner & Schweisfurth, 1975)
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this period. On the other hand, levels of bacterial colonies in the BAC
filtrates were usually less than 100/ml1 for nearly three years, after which
the levels increased rapidly to approach those of the plant inlet. This is
an indication that, at least under the Wiesbaden plant operating conditions
and for this raw water, bacterial breakthrough of the BAC occurs after about
3 years of operation. Bacterial breakthrough was not related to other
effluent parameters, such as TOC, COD, TOC1, etc., and may indicate that
satisfactory BAC operation may only be effective for this length of time (3
years) before regeneration would be required regardless of other parameters
being monitored.

SWITZERLAND

Activated carbon was installed at Zlrich inftially to protect against
oil spillage, later for protection against phenol spills, and for dechlorina-
tion (Schalekamp, 1975). ZlUrich's Lengg and Moos plants take raw water from
the Lake of Zlrich, which contains very low concentrations of chlorinated
organics and is otherwise a very clean raw water. There i's no need for
breakpoint chlorination because of very low ammonia content, but a small
dose of chlorine (T mg/1 maximum) is added at the intake to prevent growth
of mussels. Granular activated carbon insures dechlorination of this amount
of chlorine. Before activated carbon filtration, however, the water is
ozonized at dosages of 1 to 1.5 mg/1.

In plant studies (Schalekamp, 1975), at the end of 7 months both the
top and bottom layers of the carbon beds showed equal loadings of organics,
as measured by UV absorption and COD analyses, thus indicating the need for
regeneration. However, regeneration of this carbon was not required because
the continued efficiency of removal of dissolved organic carbon, from the
aqueous tedium by this carbon remained nearly the same as that of the new
carbon (Figure 29). This behavior was attributed by Schalekamp to biclogical
activity within the carbon bed.

At the Zlirich Moos plant, the slow sand filter was covered with & 5 cm
layer of granular activated carbon. The efficiency of COD removal from the
aqueous solution remained essentially constant over the three year period
(about 2.8 mg/1 residual COD in the filtrate), (Figure 30). This performance,
again attributed to bacterial degradation of the adsorbed organics, was
obtained without reactivation of the carbon, although twice weekly backwashes
were required.

THE NETHERLANDS

Van Lier et al. (1975) describe experiences with granular activated
carbon filters in pilot plant studies at Amsterdam. Three carbon pilot
units were studied side by side, using 2 meter column heights and 8 cu m/sq
m/hr flow rates for 3 months. The water was treated by iron coagulation,
rapid sand filtration, chlorination, then:

Process #1: Ozonation, rapid sand filtration, granular
activated carbon, slow sand filtration,
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1)

2)

3)

6)

CASE

Process #2: Rapid sand filtration, slow sand filtration,
Process #3: Granular activated carbon, slow sand filtration.
These researchers concluded that:

Ozonation increases bacterial counts considerably after rapid and slow
sand filtration,

Water treated by Process #1 (with ozone) produces water with better
color, UV absorption and KMnOg consumption values (a measure of the
amount of oxtdizable organic matarials present) than waters treated by
Processes #2 or #3 without ozone,

Slow sand filtration 1n all three systems reduces bacterial counts,
color and KMnOg consumption values,

Water qualities by Processes #2 and #3 are about the sare, but the
frequency of backwashing of the slow sand filters is more frequent in
these processes, which do not include ozonation,

Service time of the granular activated carbon column with prior ozone
treatment of the water was much lTonger (300 days) than those withou*
ozone (175 days) as measured by UV absorption of the filtrates.
Longer service times were observed for BAC columns which had optimum
contact times of 20 to 30 minutes (empty bed).

For the same applied DOC, the amount of DOC removed by the activated
carbon in summer was much greater than in the winter. This was explained
on the basis of increased biological activity in the carbon columns at
the higher summer temperatures. Oxygen consumption in the winter was
found to be 0.006 g/hr/kg of carbon and 0.024 to 0.030 g/hr/kg of

carbon in summer,
HISTORIES

In this sub-section several case histories of pilot plant and full

scale plant studies of biological activated carbon processes will be discussed
in some detail. These are studies conducted at:

(1)

(2)
(3)

(4)

Disseldorf, Federal Republic of Germany - pilot plant study and operatio-
nal data

Bremen, Federal Republic of Germany - pilot plant study

Milheim, Federal Republic of Germany - pilot plant study and opera-
tional data at the Dohne plant

Rouen, France - operational data

Disseldorf, Federal Republic of Germany - Pilot Plant Studies And

Operational Data

The City of Diisseldorf began using ozonation for taste and odor control

in 1954 (Hopf, 1970b). At_that time, only 0.7 to 1.0 mg/1 of ozone dosage,
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along with 7 to 10 mg/1 of permanganate, controlled the problems satisfac-
torily. Over the years, however, the quality of the Rhine River water
worsened, such that ozone dosages of 1.5 to 2.5 mg/1 of ozone were required,
and sometimes as much as 4 mg/1. Installation of additional ozone generation
capacity was possible, but this would have been uneconomical since the high
production rate would have been used only infrequently (Hopf, 1970b).

As a result, experiments with activated carbon were conducted to
overcome taste and odor problems. In one section of Disseldorf, only 1.0
to 1.5 mg/1 of activated carbon placed after ozonation was found to be
sufficient to control the taste and odor problems. This is only 1/10th of
the amount of activated carbon that was necessary without the ozone treatment
(estimated at 30 to 40 mg/1). The average operational lifetime of the
carbon filters for taste and odor removal was 15 months. This time could be
lengthened if several filters or filter groups could be operated in periodic
stages (Hopf, 1970b).

Although the river sand bank filtered Rhine River raw water which had
been treated with ozone was, for all practical purposes, free of bacteria,
the activated carbon filters which follow at DUsseldorf not only are not
sterile, but contain a significant amount of biological activity which was
recognized as being beneficial shortly after activated carbon was instaliled.

Ammonia (which is not attacked by ozone) is one of the substances
present in the river sand bank filtrate which is transformed biologically
and is entirely removed during passage through the carbon media. Even in
freshly filled carbon filters at Cldsseldorf, biological conversion of
ammonia to nitrate begins after just a few days (Hopf, 1970b). The dissolved
oxygen content of the effluents from the activated carbon filters is 7 to 8

mg/1.

Water leaving the DUsseldorf activated carbon filters is very low in
bacteria content, even though the GAC media are biologically active.
However, the filtering velocity at DUsseldorf is unusally high (35 cu m/sq
m/hr), which means that the total 3 m depth (originally installed bed depth)
is passed by the water in less than 2 minutes (Hopf, 1970b). This rapid
filtration rate at Disseldorf is unique, in that all three DUsseldorf water
treatment plants (Am Staad, Flehe and Holthausen) operate "on demand",
because there is very little reservoir storage capacity available (Miller et
al., 1978). Thus, all three plants are designed to produce water at peak
demand rates. As a result, high rates of flow sometimes are employed at
these plants.

Poggenburg et al. (1974) reported results of some of the many studies
conducted at one or more of the three water ireatment plants in Jlsseldorf,
all processing river sand bank filtered River Rhine water. Studies reported
in this article included pilot plant tests and data obtained from the full
scale plant operations. A detailed pilot plant study comparing various
types of granular activated carbons was conducted for the removal of various
types of organic chemicals.



Raw Water Quality at Dlsseldorf--

In the lower Rhine region of the Federal Republic of Germany, the raw
water of the River Rhine contains many organic pollutants, including a
significant fraction of chlorinated organics. Over the years, the level of
organic pollution in the Rhine has increased considerably. For example,
Fuchs & Klthn (1975) reported that in 1962 it was possible to extract samples
of loaded powdered activated carbon (loaded by shaking 40 1 of water 30
minutes with 20 g of powdered activated carbon) with ether and to obtain
about 2 mg of organic extract per liter of ether (Holluta, 1959, 1960). In
comparison, in 1975 and using dimethylformamide (DMF) as the extractant,
about 8 mg of organic materials was extracted per 1iter of DMF used. This
higher amount of organic extract not only is due to an increased amount of
pollution of the River Rhine, but also to nearly quantitative desorption by
the DMF as opposed to ether, as well as a higher capacity of the more modern
activated carbon during the 30 minutes of loading. Nevertheless, most of
the increased organic mater{al extracted is due to increased levels of
pollution in the Rhine water (Fuchs & Kihn, 1975).

Analysis of ether extracts of locaded activated carbons made in 1964
showed the presence of a polar, biodegradable fraction along with a non-
polar fraction which comprised about 20% of the total organics extracted
(HoTlluta, 1964). Fuchs & Kihn (1975) state:

"Similar fractions of polar and non-polar materials are found today.
However, whereas formerly the most important of the non-polar materials
were mineral 011 hydrocarbons, today analysis shows that the extensive
group of lipophilic, frequently toxic, organochloro- compounds are much
more important.”

For example, Fuchs & Kiihn (1975) reported some of the then unpublished
work of Stieglitz at the University of Karlsruhe on readily isolated and
identified volatile compounds from the Rhine River near Karlsruhe by adsorp-
tion on granular activated carbon, then extraction first with dioxane (to
remove the non-polar compounds, generally less than 10% of the total organics
adsorbed), then with DMF, Some of the compounds obtained are listed in
Table 15, many of which are halogenated organics.

Comparison of the quality of River Rhine water at Basel, Switzerland
(the upper Rhine) and at Cuisburg, 30 km north of Disseldorf, FRG (the lower
Rhine) in terms of organic sulfur and organochlorine compounds which are
adsorbed by activated carbon, is given in Table 16. In Table 17 are listed
some data obtained at various places along the Rhine and the amounts of
polar and non-polar organic substances adsorbed by 3AC.

The DlUsseldorf Water Treatment Process--

At all three Disseldorf City water treatment plants (Am Staad, Flehe,
Holthausen), as well as at almost all water works on the lower Rhine River
in that region of the Federal Republic of Germany, the general water treatment
procedure consists of five basic unit operations, as shown in Figure 31
(Poggenburg, et al., 1974).
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TABLE 15. THE MAIN COMPONENTS OF READILY VOLATILE COMPQUNDS IN THE RIVER
RHINE AT KARLSRUHE
Compound B.P., °C Compound B.P., °C
cyclohexane 80 dichlorobenzene 179
trichloroethylene 87 {sobutylbenzene 170
toluene 110 hexachloroethane 185 {subl.)
tetrachloroethylene 121 tetrachlorobutadiene 188
monochlorobenzene 132 pentachlorobutadiene -
xylene 142 trichlorobenzene 213
tetrachloroethane 147 hexachlorobutadiene 215
bromobenzene 156 dodecane 215
cumene 163 tetradecane 252
mesitylene 159 pentadecane 270
isocumene 159
Source: Fuchs & Khn (1975)
TABLE 16. COMPARISON OF ORGANICALLY BOUND SULFUR AND CHLORINE IN GAC CONTRGL
FILTERS AT DIFFERENT SAMPLING STATIONS
adsorbed organic bound |organic bound
sampling organic¢ sulfur |chlorine sulfur chlorine
station substances
mg/cu m i3 % mg/cy m mg/cu m
Rhine @ 2,900 1.5 2.3 44 67
Basel
Rhine @ 6,500 5.1 2.3 332 150
Duisburg
Sourca: Fuchs & Kihn (1975)
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Raw River Rhine Water

'

Bank filtration
Removal of solid materials,
biological purification,
manganese absorption

5x13at1on

0zone introduction, KMnOg
manganese oxidation, al-
teration of the organic
substances.

Flocculationm filtration
Precipitation of manganic
hydroxide, ozone flocculation,
flocculation agent and aux-
iliary agent, removal of or-

anic qatter.

F Adsorption

Activated carbon filter,
removal of organic matter,
biotogical post purifica-
tion, mitrification of NHgq™

| !

Nedtralization and safety chlori
Dation waom, Clz, €107 —
&

Figure 31. General procedural plan for the treatment
of drinking water in the bank filtration
works on the lower Rhine (DUsseldorf area)

Source: Poggenburg, et al., 1974
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TABLE 17. EFFICIENCY OF GAC CONTROL FILTERS FOR MEASURING DISSOLVED
ORGANIC SUBSTANCES

organic adsorbed non-polar

) substances organic organic
sampling (from DOC) substances substances
station mg/1 mg/1 mg/1
Upper Rhine @ Basel 5.6 2.9 0.36
Lower Rhine @ Duisburg 12.0 6.5 1.19
bank filtrate (Dissel- 5.0 4.4 0.87
dorf-Benrath), Lower
Rhine
bank filtrate 6.0 5.3 0.66
(Hamborn) Lower Rhine

Source: Fuchs & Kihn (1975)

Step #1 -- River Sand Bank Filtration--This is a technique whereby the
raw Rhine River water 1s aliowed to undergo some biological treatment in the
ground before entering the treatment plant itself. Wells have been dug into
the sand banks of the Rhine about 50 to 100 meters from the shore. Water is
pumped from these wells into the plant for further treatment. About two-
thirds of this well water has passed from the Rhine through the river sand
banks during an average pariod of three weeks (Miller et al., 1978). The
balance is much cleaner groundwater which flows to the Rhine.

During the three week time of passage from the Rhine to the wells,
about 60 to 7C% of the organic materials present in the river water is
removed from the water biologically. Those organics removed are the easily
biodegraded materials originally present. The more biorefractory organic
compounds, such as halogenated organics, pass through the river sand bank
filters unaffected, and enter the treatment plant.

In addition to removing the easily biodegraded organic materials
originally present in the River Rhine, the river sand bank filters reduce
some of the nitrate ion present to nitrite and ammonia (Hopf, 197Cb). Also,
ranganese and iron are extracted from the sand banks and are present in the
water entering the treatment plant.

Step #2 ~- Oxidation--Upon entering the plant, the river sand bank
filtered water is subjected to ozonation (1 to 3 mg/1 dosage). Several
benefits are observed during this step. First, ferrous ions are oxidized to
ferric ions, which hydrolyze and precipitate. Manganous ions are oxidized
to their manganic and permanganate states. In the manganic state, the
insoluble manganic hydroxide {s formed, which is eas{ly filtered out of
solution. Manganese in the permanganate state is quite water soluble,
imparting a pink color to the water.
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Finally, some oxidation of the dissolved organic materials also occurs.
Some of the organics are partially oxidized completely to CO2 and water,
This can be deduced from the lower pH after ozonation. However, most of the
organics which react with ozone are only partially oxygenated. This increases
their ability to be biodegraded, however. On the other hand, there are
sti1l other organic materials present which do not react with ozone, and
theig (zog-readi1y-biodegradab1e) materials pass through the oxidation stage
unaffected.

Step #3 -- Flocculation and filtration--The ozonized water is passed
into a holding tank where 1t remafns about 30 minutes. During this time
ferric and manganic hydroxides precipitate, some of the oxidized organic
materials flocculate (assisted by the coagulating ferric and manganic hydroxi-
des) and permanganate and residual ozone continue to oxidize more dissolved
organic materials. As permanganate performs this oxidation function, it 1is
reduced to the manganic state, at which it precipitates as the insoluble
hydroxide or as manganese dioxide. As ozone continues to oxidize organics,
it reverts back to oxygen. Those organic materials which are oxidized
during this holding stage become oxygenated and rore easily biodegraded.

Following the 30 minute holding time, the treated water is passed into
a2 two-stage pressure filter. The first stage is a 1.5 m depth of granular
carbon which has not been activated. The original filter material was 1
meter deep granular activated carbon (0.5 to 2.5 mm grain size), but this
had several undesireable drawbacks (Poggenburg, 1975?. First, the GAC was
“inadequate as a filter material and for the biological conversion of ammonia
to nitrate". A considerable fraction of the suspended matter passed through
the upper layer to the second GAC layer, the function of which is to remove
organic materials by adsorption.

On the other hand, the use of 1.5 m of non-activated carbon for filtra-
tion has produced the following benefits (Poggenburg, 1975):

] there are now no noticeable amounts of filterable materials in the 3AC
adsorbers when the combined unit is operated at "reasonabie" filtration
rates,

(] degradation of ammonia occurs in the non-activated carbon bed, rather
than in the GAC adsorbers,

) "due to the good filtration obtained in the upper layer of non-activated
carbon, the adsorption process is necessarily improved in the GAC lower
section".

Most of the filterable substances are retained in the first 0.5 meter
of the non-activated carbon layer, but a bed depth of 1.5 meters is employed
to remove the finer particles and attain a turbidity of 0.1 to 0.2 turbidity
units.

Step #4 -- GAC Adsorption--A mixture of the activated carbons LS Supra
and F=300 are used (Poggenburg, 1975) in the second layer of the pressure
filters. The granule size of these carbons is 0.5 to 2.5 nm (mean diameter
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1.4 to 1.6 mm) and the density is about 40% higher than the activated carbons

used earlier. The layer heights of GAC in this second section of the pressure
filters were increased from 2 meters to 2.5 meters and the operating velocity

was reduced by about 50% (Poggenburg, 1975).

The adsorption layers in the Dlisseldorf GAC adsorbers are changed twice
each year (Poggenburg, 1975), now that the carbon is used to remove synthetic
organics. Previously (when used only for taste & odor control), they were
changed once per year. According to the process control procedures in use
in 1975 (determination of the total organic components by UV absorption at
250 nm) the adsorption capacity of the GAC for organics (measured by this UV
technique) was only 20% after a throughput of between 400,000 cu m and
6€0,000 cu m of water per adsorber containing 40 cu m of GAC. The adsorption
capacity of new or freshly reactivated GAC for UV absorbing organics generally
1ies between 70 and 80% at this point in the process at Diisseldorf (Poggen-
burg, 1975). Taking as a basis this degree of loading and a mean operating
velocity of 12 m/hr, the GAC would have to be reactivated or replaced in
each adsorber 4 to 5 times each year if adsorption were the only crganics
removal mechanism occurring in the GAC adsorbers. The fact that regenera-
+ion was not required 4 to 5 times per year, as predicted, but rather only
once per year, is attributed to biological removal of UV-abscrbing organic
materials in the GAC adsorbers.

Step #5 -- pH Adjustment and safety chlorination--Because of the
formation of CO2 (from biodegradaticn of organic materfals in the pressure
filters/adsorbers), NaCH is added, foliowed by a maximum dosage of C.3 mg/1
of a mixture of chlorine and chiorine dioxide. This mixture is produced by
adding excess chlorine gas to a solution of sodium chlorite. The amount of
chlorine added 1n excess {s such as to produce two moles of free chlorine
{as hypochlorite) for each mole of chlorine dioxide produced (Miller et al.,
1978). This low dosage of mixed disinfectant is sufficient to guarantee
water of acceptable bacteriological quality in the DlUsseldorf distribution
systems.

DUsseldorf Process Performance--

Figure 32 shows the pertinent water quality parameters measured at
Clisseldorf and how they change at each stage of treatment. Figure 33 shows
the percent removal of organic substances, as measured by COC, COD and UV
absorption analyses at the various process stages.

Taking the organics content of the raw Rhine River water as 100%,
almost 60 to 65% is removed during river sand bank filtration. Ozonation
then lowers CCC and COD values an additional 3 to 5%, but lowers UV absorption
values about 18%. This fact, coupled with only a slight simultaneous lowering
of DOC and CJD, shows that UV-absorbing organic materials are changed
structurally, but are not all converted to COp and water upon ozonation.
Rather, they are converted to other organic materials which sti11 are measure-
able by ZCC and COD anaiyses.

Finally, GAC adsorption Towers the organics content by an addition & to

10%. Overall, the Dldsseldorf treatment process Towers the CCC and CJ0 70 to
8C% and UV-absorbing organics over 85% (from the Rhine River initfal values).
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113



However, starting with river-sand bank filtered water entering the plant,
the combination of ozone and GAC adsorption steps lowers COD and DOC values
only an additional 10 to 15% and UV-absorbing organics values about 25%
additionally.
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Figure 33. Changes in organics parameters in Diisseldorf
water treatment plants.

(Poggenburg, 1975)

Pilot Plant Studies at Dlsseldorf For Removing Chlorinated Organics
and Determining Benefits of Biological Activity in GAC Adsorbers

An experimental pilot plant installation was constructed at the Flehe
plant which consisted of ten plexiglass columns which could be operated in
parallel (individually) or in series (one after the other). Each column was
about 20 meters in diameter and held a charge of granular activated carbon
sufficient to provide a 1 meter bed depth.

In the first series of tests, eight different types of GAC were compared
with each other, then the four best performing carbons were selected for
more detailed studies. Many of these studies were conducted with the four
types of GAC operating side by side in the pilot plant test facilities.
Under such conditions, two or three of the test columns were connected in
series. This allowed measurements to be made at various GAC total bed

depths.

N4



. Granular activated carbons (abelled Types F, L, N and B) were treated
with 50,300 cu m of water (13.2 miTlion gallons) per cu - of 3AC present in
the coluwns, presumadly at a flow velocity equivalent to that at which the
dua] media pressure filters/adsorbers of the large scale plant operated. At
various Tevels of throughput [about 12,000, 25,000 and 50,C00 cu = (3.17,
6.6] and 13.2 million gallons, respectively)/cu m of 3AC passed through
during the test], GAC samples were reroved from the columns and three values
were determined:

(1) The Total Organic Substances (7CS) removed from the water [determined
by continuous measurement of UV absorption and occasional parallel
determination of the concentration of dissolved organic carben (ZCC)

(2) Tbe organic substances which could be extracted from the 3AC with
dimethylformamide (Extractable Organic Substances = ECS) and

(3) Adsorbed organochlorine compounds, as chlorine (OrgCl).

Pertinent data concerning these studies are plotted on log-log scale in
Figure 34, It can be seen that all three curves have similar shapes with
all four granular activated carbons. It is alsc clear that consideratly
more total organic substances (TOS) were removed frcm the water during
passage through the pilot plant test adsorbers than were recovered by extrac-
tion of SAC samples with CMF (EOS). The DMF extraction procedure has been
shown (Maier, 1971; Sontheimer & Maier, 1973) to extract organic substarces
adsorbed by granular activated carbon nearly quantitatively from the carbcen.
Therefore, the differences between the total organic substances removed
during passage through the GAC adsorbers and the amount of organic substances
extracted from the GAC after various amounts of water throughput is that
amount of crganic materials which were deccmposed biologically during rassage
through the bioclogically active filters/adsorbers. This arount of organics
removed bfologically was 2 to 3 times that which was extracted by CMF after
50,000 cu m of water (13.2 million gallons) had been passed through each cu
m of GAC, and each type of granular activated carbon gave somewhat different
results.

It can also be seen from Figure 24 that after approximately 25,0C0 cu

m of water (6.6 million gallons) had been passed through each cubic meter of
GAC, essentially no additional increase in adsorption of chiorinated crganic
substances occurred.. It is also apparent that those activated carbons .
which adsorbed the highest amounts of organochloro compounds (Types L and 1)
removed less total organic substances tran did types F and B. The maxinun
arount of organochloro materials adsorbed by GAC type L was about 12 kg/cu 1
of GAC after 25,000 cu m of water (6.6 million gallons) had been passed " on
through 1 cubic meter of GAC. At the same time, Type L GAC removed abcut £
kg of T2S/cu m of GAC, about 22 kg/cu m of whick was recavered by EMF extrac-
tion, leaving about 28 kg/cu m of GAC which was destroyed biologicaily.

. Lo
These pilot plant data obtained at Dlsseldorf are particularly signi€i-
cant, sincepthey provide a practical limit of organochlcre rmaterials which
can be adsorbed by a given volume of granular activated carbon. It was "
pointed out earlier in this section that the Clsseldorf full-scale 2lant <
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adsorbers contain a.mixtufgmaf LS Supra and F-300 carbons. This is pfesuméﬁ]y
because one has a higher capacity for chlorinated organics while the other
has a higher capacity for Total Organic Substances.

Extensive studies then were conducted on samples of GAC which had been
in use for a period of 6 months using the programmed temperature pyrochydroly-
sis method of Kithn & Sontheimer (1973a). In this procedure, the sample is
subjected to preliminary drying at 40°C, then is burned at approximately
800°C in an oxygen-water carrier gas which is swept through the furnace.

The temperature is sufficiently high to decompose the organic materials and
produce chloride ion (hydrogen chloride) from the chlorine present, which
then 1s adsorbed in water and this is titrated or is determined with an fon-
selective electrode. This gives a measure of the arount of chlorine origi-
nally present in the organic compound. Since chloride ion also is adsorbed
from water by the GAC, this must be determined separately. The loaded
activated carbon is exchanged with 0.IN sodium nitrate and the chloride
removed is determined titrimetrically. The amount of chloride ion originally
adsorbed by the GAC is subtracted from the total chloride ion determined by
the pyrohydrolysis procedure. This difference gives the amount of chlorine
bound as chlorinated organic materials (Engler-Bunte Institute, 1977).

In addition, K81le (1974) identified several individual chlorinated
organic compounds by dioxane extraction of the loaded activated carbons,
followed by chromatographic analysis of the extracts.

Figure 35 summarizes the results which were obtained using the programmed
temperature pyrohydrolysis analyses of the activated carbon adsorbers connec-
ted in series and filled with various types of activated carbon. The total
amount of chlorine found (in g/kg of activated carbon) in each type of 3AC
is shown as the upper 1imit. This number then is divided according to the
temperature at which the individual portions of the total amount either
volatilize or are decomposed. The hatched portions of Figure 35 indicate
the relative amount of total chlorinated organic materfal that K8lle (1974)
was able to identify as individual chlorinated organic compounds, which
ranged from 7 to 35%.

K811e (1974) was able to identify ten different substances in the
dioxane extracts of carefully dried GAC samples. These dioxane-extracted
chloroorganics are the non-polar compounds adsorbed., Pertinent data are
listed in Table 18. For each individual substance and for each type of GAC,
the amount removed from the water is given as the mg of material per cu m of
water which must be removed from the water in order to obtain the measured
carbon loading. From consideration of these data, carbon L appears to be
greatly superior to carbons F and N.

Poggenburg et al. (1974) also caution that even though small scale
studies with GAC can give consistent data, past experience at Dlsseldorf has
shown that large scale tests still must be made in the operating water
treatment plant. This is because of variations in the performance of
different batches of granular activated carbon, even though they may be cf
the same type, and variations in wetability, abrasioq resistance, amount of
turbidity removed, backwash capacities and regeneration conditions.
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TABLE 18. CH[bRINATEDroRGANICS REMOVED-EROM GAC é;_DIOXANE EXTRACTION AT
FLEHE TEST INSTALLATION, DUSSELDORF*

quantity removed from the water by
compound GAC of the type:
F L H
mg/cu m mg/cu m { mg/cu m

chloroform 0.05 0.23 0.09
1,2-dichloroethane 0.16 0.52 0.21
1,2-dichioropropane 0.36 3.C6 0.54
trichloroethylene 0.34 0.88 0.48
tetrachloroethylene 0.46 0.82 0.46
bis-(2-chloroisopropyl) ether 4,52 8.81 3.88
o-dichlorobenzene 0.13 0.27 0.13
hexachlorobutadiene 0.74 1.79 0.75
hexachlorocyclohexane 0.11 0.18 0.14
tris-(2-chloroethyl) phosphate 0.83 1.21 1.08
sum of the above chlorinated compds. 7.7 17.8 7.8
stated in mg/cu m of water 3.9 9.6 4.0
total chloroorganics removed 4 v4C N3
total organic substances 1,450 1,150 1,325

therefore extractable 853 646 651
* GAC height = 3 m; filtration velocity = 15 m/hr; 78 to 86 cu m water

per kg GAC
Source: Poggenburg et al. (1974)

Comparison of performances of various activated carbons in actual
practice also is made more difficult by the fact that after a period of 3 to
4 weeks, biological processes occur at significant rates in the large scale
GAC media. Figure 36 shows some typical organic loadings per kg of GAC
obtained from one of Dlsseldorf's plant adsorbers charged with 16,800 kg of
Type F activated carbon and operated over a period of 250 days. The middlie
curve shows the cumulative total organic loading if the carbon had been
acting solely as an adsorber (data obtained by measuring adsorption iso-
therms). However, the upper curve shows the cumulative amount of organic
materials actually removed from the water. By adsorption only the cumulative
amount of organic materials removed from water after 250 days of use would
have been about 1,800 kg. However, the total weight of organics removed by
the GAC was about 2,900 kg. The difference of 1,100 kg was the amount of
organic materials removed from the water biologically.
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Figure 36. Organics removal in Dusseldorf GAC post-adsorber by
adsorptien and by adsorption+ biological activity,

The lower curve in Figure 36 is the cumulative amount of adsorbed
organics actually present ?determined by DMF extraction). After 250 days of
use, only 1,100 kg of adsorbed organic materials were shown to be present on
the 16,800 kg of GAC. The difference between 2,900 kg (total organics
removed from solution) and 1,100 kg which could be removed from the Toaded
GAC by DMF extraction represents the total amount of organic materials
destroyed biochemically during the 250 days of use of this GAC. The differ-
ence between 1,800 kg of GAC capacity acting by adsorption only and the
1,100 kg actual organic loading after 250 days of use represents the adsorp-
tion capacity still available in this carbon adsorber after 250 days of use.
Therefore, assuming that full saturation of this adsorption capacity can be
attained, it can be concluded that the biological activity In the GAC medium
extends the adsorption 1ife of the 3AC.

Perhaps more significantly, the total amount of organic materials which’
can be removed from the loaded GAC by extraction after 250 days reached a
plateau, as did the adsorption-only curve. Therefore the available adsorp-
tion capacity (the difference between the two lower curves) became constant.
However, the total rate of removal of organics from solutfon (the upper
curve) still was increasing after 250 days of use. This is strong evidence
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to support the conclusion that some of the organic materials being destroyed
biochemically are materials already adsorbed on the GAC. If this were not
the case, the adsorption capacity of the GAC would have been expected to
become completely saturated, and the cumulative organic removal curve would
have reached a plateau at the same time as did the other two curves.

The difference between the 1,800 kg of organic materials removed by
adsorption only, had the GAC been totally loaded, and the actual 1,1C0
loading (by CMF extraction) might be viewed as the amount of GAC adsorption
capacity being reactivated biologically after 250 days of use. This figure
é790 kg ;s approximately 44% of the total adsorption capacity of the 3AC

eing used.

. . Finally, it can be observed from Figure 36 that the contribution of
biological activity to the removal of organic materials from solution
became noticeable after 30 to 40 days of use.

Behavior of Ddsseldorf Granular Activated Carbons With Respect to Removal
of Organochlorine Materials

Relatively simple analytical methods were desired for controlling the
performance and reactivation of the GAC adsorbers at Clisseldorf with respect
to removal of chlorinated organic materials., To these ends, extraction
methods were developed for these materials, followed by separation techniques
which allow for subsequent gas chromatographic determinations of the indivi-
dual compounds extracted. These procedures were developed by the Engler-
Bunte Institute (Park, 1974; Park & Sontheimer, 1973) and involve initial
extraction of the loaded GAC with dimethylformamide at 50°C. Microcoulometric
titration of this extract gives the total amount of organochlorine compounds
extracted. Pyrohydrolysis of the loaded GAC measures the total organochlorine
materials present on the loaded GAC. .

Water 1s added to the CMF extract and the solution then is extracted
with n-hexane, which separates tre non-polar organochlorine raterials. The
hexane solution then is dried and gas chromatographed. Polar organochlorine
materials remain in the DMF-water solution.

In Figure 37 are plotted the total concentrations of organochlorine
materials and those of tetrachlorcethylene, hexachlorobutadiene and hexachloro-
cyclohexane at GAC bed depths of 0, 100 and 200 cm. These data were deter-
mined by the above procedures in two full scale operating GAC adsorbers at
the Disseldorf plant using different activated carbons (types L and F) being
compared side by side. The data found were very similar for both carbons at
the same bed depths.

About the same data were obtained for total non-polar organochlorine
compounds when the initial extraction was performed with dioxane rather than
with DMF, followed by hexane extraction of the DMF extract. Data shown in
Figure 38 were obtained using a third full scale Disseldorf SAC adsorber.
From these results, it was concluded that only small differences in the data
were measured using (1) OMF extraction, followed by addition of water and n-
hexane -extraction, (2) Soxhlet extraction of loaded GAC with dioxane and (3)
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Soxhlet extraction of loaded GAC with dioxane, addition of water and extrac-
tion with n-hexane. Therefore, Poggenburg et al. (1974) concluded that
extraction of loaded GAC with dioxane is a satisfactory method for determining
the amount of non-polar organochlorine materials adsorbed by GAC. This
method then was adopted for controlling Dlisseldorf's GAC adsorbers, replacing
the then-used UV absorption method.

rmwmitype F GAC
- type L GAC

4Cl from non-polar chlorohydro-
carbons; DMF elution

hexachloro-
butadiene”

organic chlorine in g/kg GAC

0 100 200
GAC bed depth, cm

Figure 37. Distribution profiles for organically
bound chlorine and some chiorohydro-
carbons in Dusseldorf GAC beds

(Poggenburg et al., 1974)

Following adoption of the dioxane/hexane extraction method for determi-
ning non-polar organochlorine materials adsorbed, numerous additional data
were obtained on operating full-scale plant GAC adsorbers. Some of these
data are presented in Figures 39 and 40,

Figure 39 shows the values obtained for total extractable organics (Eq)
with DMF, non-polar organics extractable with dioxane (Eq), the total amourit
of organochlorine compounds adsorbed on the activated carbon (by pyrohydro-
lysisg, the amount of organochlorine compounds in the dioxane extracts (Clq)
and the amount of organochlorine compounds in the hexane extracts of the
dioxane extracts (Cly). Data in Figure 39 compare two different types of
GAC (F and L), one operated at the DiUsseldorf Holthausen plant, the other
operated at the Duisburg Wittlaer plant (both using the same treatment
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process and sand bank filtered Rhine River water in the same genefal Tocé%ion)
and after similar quantities of water had been passed through each adsorber.

Cl value in g/kg of GAC

0 100 200

GAC bed depth, cm

e direct DMF elution of GAC at 50°C + transfer of
chiorohydrocarbons from DMF/water to n-hexane

weeun Soxhlet extraction of GAC with dioxane

waas 50xhliet extraction of GAC with dioxane + transfer
of chlarohyirocarbons from dioxane/Hp0 to
n-hexane

Figure 38. Distribution of organically bound
chlorine in Diisseldorf GAC beds.

(Poggenburg et al., 1974)

After 90 cu m of water had been passed through the adsorbers per kg of
GAC, the total organic materials extracted by DMF from GAC type F was about
60 g/kg and about 40 g/kg for type L. The non-polar organics extracted by
dioxane were 50 and 35 g/kg, respectively, for types F and L, and the total
organochiorine materials found were 2.5 and 5 g/kg, respectively, for types
F and L. After passage of 210 cu m of water per kg of GAC through the
adsorber, the total extractable organics were about 75 g/kg for the two
types, total dioxane extractables were about 55 g/kg, and total organochlorine
compounds found in the dioxane extracts were 4 and 8 g/kg, respectively, for
types F and L.
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Figure 39. Organics removal with 2 types of GAC in
2 Dusseldorf treatment plants.

(Poggenburg et al ,1974)

These data confirmed the earlier pilot plant test data which showed
that type F GAC had a slightly higher capacity to remove total organic

materials, but that type L could remove double the amount of organochlorine
materials.

The cross-hatched areas of Figure 40 show the total loadings of non-
polar organochlorine materials on GAC samples taken from the upper, middle
and lower regions of two of the plant operating GAC adsorbers at Disseldorf,
one using type L GAC and the other using type F. As would be expected, the
loadings of total extractable organics and total organochlorine materials
were higher in the upper regions than in the Tower. The upper layer of Type
F carbon showed total extractable organics levels of 103 g/kg of GAC and
total organochlorine materials of 1.6 g/kg. In the upper layer of type L
GAC, total extractable organics levels were 83 g/kg of GAC, but total organo-
chlorine levels were 2.2 g/kg, about 40% higher.
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(Poggenburg et al., 1974)

It should be noted also that when the upper layers of these GAC adsorbers
reached these loadings of organochlorine compounds, the lower layers showed
0.25 to 0.3 g/kg loadings of organochlorine materials. During personal
interviews in 1977 and again in 1978, Mr. Poggenburg advised that the tech-
nique of measuring the loading of organochlorine compounds as they progress
down the GAC adsorber media by these analytical techniques is used to deter-
mine when the GAC should be regenerated. Whenever measureable levels of
organochlorine materials are detected in the lower 20 to 25% of the DUsseldorf
GAC adsorbers, the upper 80 to 75% of the GAC is removed and sent to reactiva-
tion. The remaining 20 to 25% of the GAC, containing 1ittle or no adsorted
organochiorine materials, is mixed with fresh or reactivated SAQ and acts as
a biological seed so that the GAC adsorbers can reattain biological equili-
brium rapidly.
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Prior to adopting these organochlorine analyses, Dlisseldorf's GAC
adsorbeys were controlled by following organics removed (measured by UV
absorption at 254 nm). This technique determines the aromatic and unsaturated
organic materials. Reactivation of Ddsseldorf's GAC was conducted once per
year, using UV absorption as the control analysfs. However, using organo-
chlorine Toadings as the controlling analytical procedure, Diisseldorf's GAC
adsorbers now are reactivated every 5 to 6 months.

Biological activity in the Dlisseldorf GAC adsorbers is considered by
Mr. Poggenburg to be an essential part of the total Dlisseldorf treatment
process because the final treated water contains lower dissolved organics
and 1s ammonia-free. Furthermore, there is no concern that non-chlorine
containing organics will breakthrough before the organochlorine materials
reach the lower portions of the GAC adsorbers. Nevertheless, UV absorption
analyses still are conducted routinely at all three Dlisseldorf plants
(Engels, 1978). In addition, more sophisticated GC and GC/MS analyses also
are conducted on Rhine River water and sand bank filtered treatrent plant
influents, so as <o note the appearance of organic materials whose fates
when processed by the DUsseldorf treatment techniques are not yet known.

Bremen Pilot Plant Study

The Auf dem Werder water plant of Bremen, Federal Republic of Germany
has utilized the treatment process illustrated by Figure 41 to treat raw
water from the River Weser. A comprehensive pilot plant program was carried
out to determine if alternate treatment processes could be found to replace
the slow sand filters, which required a large proportion of the site area.

A large pilot plant facility employing granular activated carbon with
preoxidation and preacration was constructed in 1969, and research was
conducted on biological activated carbon over a three year period. The
dissolved organic carbon (DOC) content of the raw water was 5 to 10 mg/1,
and the permanganate consumption value numbers varied from 10 to 22 mg/1.
For these tests, the rapid sand filtrate from the full-scale plant was used
as the pilot plant feed water. A1l pilot plant data obtained were compared
with those obtained after the slow sand filters of the full-scale plant.

Initial Process Screening Test--

Many initial screening tests were performed prior to the main pilot
plant operation. A screening test facility providing a treatment process
similar to that used in the Diisseldorf area to treat lower Rhine River water
was utilized. The inftial process screening test facility (Figure 42)
consisted of an ozone contact chamber (0.7 m diameter, 3 m high), two holding
tanks (each 2.5 cu m), a sand filter (0.7 m diameter, 3 m height) and an
activated carbon filter (0.8 m diameter, 3 m height). Provision also was
made to close off the flow of water through the carbon column periodically.
At these times, the water in the carbon columns was recycled back through
the carbon beds (adding oxygen continuously) and analytical parameters were
measured. These included dissolved oxygen, °CC, carbon dioxide, ammonia,
nitrate, etc. In this manner, raterial balances were determined at b101091ca1
equilibrium. This was defined as the point at which the rate of consumption
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(Eberhardt, Madsen & Sontheimer, 1974)
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of disso!v@ﬁxoxygen equéfgd'the rate of formatioﬁwa €02 (from degradation
of DOC) in the absence of ammonia in the GAC column infiuent.

Initially, the depth of the granular activated carbon test bed was 1
meter and the filtration rate was such as to provide an empty bed cortact
time of 5 minutes. Ozone dosages were 1.5 to 2 mg/1. Under these conditions,
ammonia was removed (biologically by nitrification) as efficiently as in the
full-scale plant, but organics were removed less efficiently in the test
unit. Increasing preozonation dosages to 4.7 mg/1 and GAC empty bed cecntact
times to 15 minutes (sti1l 1 meter GAC bed depth) gave higher quality water
than that obtained in the full-scale plant, with respect to removal of
dissolved organic carbon (COC), COD, oxygen consumption (by alkaline perman-
%ag?te%é ammonia and 48-hour colony counts. Pertinent data are 1isted in

able 19.

The testing unft used to gather the data of Table 19 was modified by
incorporating a rapidly driven slow sand filter (RDSSF) after the 3AC
adsorber. This is merely a 1 meter deep slow sand filter operated at a
filtration rate of 0.5 to 1 m/hr. This unit was installed to lower the very
high 72 hour colony counts found after the biologically active GAC filter
(see last column of Table 19).

Granular Activated Carbon Screening Test--

Rapid sand filtrate from the full-scale treatment process was used as
influent to four granular activated carbon pilot plant units. Each pilot
plant unit consisted of four columns connected in series as illustrated by
Figure 43. Since each column contained 1.5 meters of granular activated
carbon, it was possible to evaluate the treatment results achieved with 1.5,
3.0, 4.5 and 6.0 meters of GAC. ’

An initial 11 week GAC screening study was performed on the four GAC
pilot plant units. Three units charged with 3AC designated as Hydraffins
BD, BR and LS were fed rapid sand filtrate from the full-scale plant. A
fourth pilot plant unit charged with Hydraffin BD was fed prechlorinated
rapid sand filtrate (dosage was not stated).

Review of the data obtained during this 11-week test period, summarized
in Table 20, provided the following information:

1. Hydraffins BR and LS performed much better in removing dissolved
organics (as measured by the permanganate oxygen demand values) than
did Hydraffin BD. Therefore, Hydraffin BD was not tested further.

2. Prechlorination did not improve the ability of Hydraffin BD to remove
dissolved organics. If anything, prechlorination was detr mental in
this regard. Therefore, prechlorination was not continued in the long
term pilot program.

3. Colony counts (48-hour incubation) and coliform counts in all agtivated
carbon effluents were similar. However, 72-hour colony counts in the
prechlorinated Hydraffin BD effluent were 3 to 6 times higher than in
the filtrates of the other activated carbons tested.
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WITH QZONE AND ACTIVATED CARBON FILTERS (JANUARY 8 TO FEBRUARY 2, 1970) '
sampling pH | DOC COD* | UV-abs. Permanganate | Dissolved turbidity Lalony count/ml

point mg/t | mg/t | (Corr.) oxygen, demand 02 NHat | x 10-3 after
240 nm,7 cm mg/1 mg/1 mg/1 | abs.E. 48 hrs} 72 hrs
(CoD)

after clary-}7.75;y 4.3} 12.9 0.278 21.4 11.7 2.68 4.54 6,600 ~
fication

rapid sand |7.63] 3.7} 11.4 0.257 18.4 10.5 2.37 0.92 2,700 -
filtrate

after 7.59% 4.7 1 10.6 0.163 15.9 16.9 2.16 0.99 0 -
ozonation

after GAC 7.22] 2.2 9.1 0.160 13.0 10.1 0.49 0.97 49 4,600

after RDSSF 17.181 2.4 7.9 0.151 1.7 8.8 0.21 0.90 9 320

after stow ]7.30} 3.2 9.5 0.225 16.5 6.7 1.41 0.89 114 ~
sand filter :

(for com-

parison)

Conditions:

Ozone dosage: 4.7 mg/). :

Flow rate, activated carbon filter: 2 m/hr at 1 m bed height (EBCT - 15 min)}. Flow rate, RDSSF: 0.5
n/hr at 1 m bed height (EBCT - 1 hr). Slow filter in large scale operation, as normal. DOC, COD and UV
values sometimes from only two specimens. Mean water temperature 1.60C.

* determined by the bichromate method
** determined by the alkaline permanganate method

' Source: Eberhardt, Madsen & Sontheimer, 1974
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Schematic of Bremen waterworks pilot plant GAC test units.
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TABLE 20. COMPARATIVE TESTS WITH DIFFERENT TYPES OF ACTIVATED CARBON FOR PURELY BIOLOG!CAL TESTS.
] = MAR. 24 - MAY 5, 1970 = 8.31°C; |t = MAY 8 - JUNE 16, 1970 = 16.1°C,
Permangan-[A (KMnOy 02
S;r(l)[‘)’l‘:ng 21;zglllved te 0 con-demand)**, pH Value Colony counts/ril £ coli & coli
ng/} smtn. mg/l mg/} after 48 hrs ] 72 nrs | per 100 m
1 11 1 11 1 11 I 11 1 11 i 1 11
rapid sand
tiltrate M1 86 ns ni 764 769 278 242 800°* 1 5
8D tiltrate 33 6.8 66 80 4.8 31 780 765 364 61 1238 0 ]
BR filtrate 9.0 5.3 2.5 3.6 9.0 75 8.02 7 54 3az 70 2397 0 [
LS filtrate 86 6.0 20 28 95 83 773 756 122 68 1921 0 1
80 filtrate 9.4 5.9 63 8¢ 51 30 738 722 246 20 6545 0 0
chlorinatad
stow sand 9.8 7.4 361 78 196 326 751 756 17 89 1] 0
filter for
comparisan
_period: Mar 24 June 16, 1970 (overall)
rapid sand 97 1.3 7 67 258 3
tiltrate
B0 filtrate 8.0 73 40 713 149 <!
BR filtrate 69 30 8.3 7178 164 <1
1S filtrate 72 2.3 89 7.65 91 <1
8D tiltrate 7.4 I 41 7 30 70 0
chlorinated
slow sand 8.5 8.7 26 754 39 1
filter for
conparison

*

only ! sample %% measured by the alkaline permanganate method

Source:

Eberhardt, Madsen & Sontheimer, 1974




4. Hydraffins BR and LS, during the first six weeks of testing (Period I),
reduced the permanganate oxygen demand values from 11.5 mg/1 to 2.5 and
2.0 mg/1, respectively. During this period, adsorption appeared to be
the dominant process removing dissolved organics, and biological activity
within the GAC media was increasfng. However, during the next five
weeks (Period II), when significant biological activity appeared %o be
present, permanganate oxygen demand levels in the BR and LS effluents
increased to 3.6 and 2.8 mg/1, respectively. In addition, the permanga-
nate oxygen demands of Hydraffin BR and LS effluents were less than
half those of the full scale plant.

Long Term Pilot Plant Operation--

Operation of the previously described Hydraffin BR and LS pilot plant
units was continued for more than three years. During this time, the other
two 4-column pilot GAC units were used to compare the effectiveness of other
granular activated carbons and to test process parameters over shorter
periods of time. The pflot plant units were backwashed every two weeks.

During the next 3 to 4 months, the performance of Hydraffin BR in
removing dissolved organics decreased and reached a level which remained
essentially constant for the balance of the more than three year test
period. Figure 44 shows the overall performance of Hydraffin B8R in this
regard. After bioequilibrium had been attained in the GAC unit, about 4 to
6 mg/1 of permanganate oxygen consumption was removed, irrespective of the
value of the influent water, over the last two years of use. During this
time, rapid sand filtrate from the full-scale plant contained 11.5 to 23
mg/1 of permanganate oxygen demand. Therefore, the 4 to 6 mg/1 of permanga-
nate oxygen consumption removed during passage through the GAC was equivalent
to 25 to 33% removal of dissolved organics. In addition, permanganate
oxygen consumption values always were higher during summer than in the
winter, probably because of increased biological activity during periods of
higher water temperatures.

Long Term (3+ Years) Testing --

In Figure 45 are plotted the permanganate oxygen consumption values and
the ratios of A(permanganate values)/A(dissolved oxygen consumed) obtained
over the 3+ year period for the Hydraffin BR activated carbon adsorber.

When the ratio was about 1 (which was the case most of the time), then
adsorption and biodegradation of dissolved organics were occurring at about
the same rates. On the other hand, when this ratio was greater than 1
{during winter), less dissolved organic material was being removed biochemi-
cally than was being removed from solution by adsorption. When the ratio
was less than 1, the authors concluded that biochemical degradation of
adsorbed organic materials was occurring faster than adsorption of organics
from solution. These results again indicate that adsorptive sites on the
granular activated carbon either still were available after three years of
use, or were being regenerated biologically.

Data obtained for the Hydraffin LS GAC adsorber unit over the 38 month
period of use were similar to those obtained with Hydraffin BR, except that
a slightly longer initial adjustment period was required to reach biological
equilibrium. ,
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During the last 9 months of the 3+ year pilot plant test period, the
amount of COp produced during passage through the 3AC columns was measured
and t@e amount of inorganic carbon produced was calculated. Pertinent data
are listed in Table 21. In all cases, the amount of inorganic carbon produced
was greater than the amount of dissolved organics being removed (as measured
by the permanganate oxygen consumption values). This behavior can be explain-
ed only by the biochemical decomposition of organic raterials which had been
adsorbed previously by the GAC. : -

Data listed in the Tower half of Table 21 show that the biodegradation
processes occur throughout the total 6 meter GAC column depth, and not just
in the first 1.5 meters of GAC bed depth.

Further indication of biochemical regeneration of adsorpticn sites was
obtained by extraction studies of loaded GAC samples. If biological regenera-
tion occurs at a significant rate, then it would be expected that the loading
of GAC after several years of use would not be as high as that of GAC columns
acting as adsorbers only during the initial several months of use.

To confirm this hypothesis, samples of Hydraffin BR were removed from
the adsorber columns after 3 years of use and compared with samples of
Hydraffins LS Supra (LSS) and B-12 after only 4 months of use. All GAC
samples were extracted first with dioxane in a Soxhlet apparatus and the
solvent evaporated. The residue corresponds to the amount of non-polar
organic material present on the GAC. The dioxane-extracted GAC then was
extracted with dimethylformamide (CMF). The residue from evaporation of the
DMF corresponds to the amount of polar materials present on the GAC. The
sum of the two extracts is the total organic loading of the GAC at the time
of sampling.

It can be seen from the extraction data (shown in Table 22) that the
organic loadings of the first and fourth Hydraffin BR columns after 3 years
of use were 28 to 30 g/kg of GAC. These loadings compare with 99 and 71
g/kg for the corresponding B-12 columns and 133 and 99 g/kg for the correspon-
ding LSS activated carbon columns. Such large differences in 5AC loadings
were not a result of remarkably higher adsorption capacities of the B-12 and
LSS activated carbons, but to the fact that biodegradation had not yet
reached full swing in the B-12 and LSS carbons after only 4 months of use.

Table 22 also shows that after 4 months, the fourth GAC columns in the
B-12 and LSS adsorber units had not yet become fully loaded with adsorbed
organics, since the values measured upon extraction were lower than in the
first columns. By contrast, the loadings of all 4 columns in the Hydraffin
BR adsorber unit after 3 years of use all were about the same.

These data indicate that at Bremen's Auf dem Werder plant, removal of
dissolved organic compounds in GAC filters occurs by a combinaticn of
adsorption and biological processes. Apparently through biological oxidation,
a significant portion of the adsorbed organics are converted to C05 and
water, and adsorption sites become available again to adsorb more issolved

organic materials,
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TABLE 21. AVERAGES OF DATA OBTAINED DURING THE LAST 9 MONTHS OF THL 38-MONTH STUDY WITH BR
ACTIVATED CARBON AT BREMEN, FEDERAL REPUBLIC OF GERMANY
Dates raw water oxygen UV extinction D0 CO2 increase slow sand ftltrate
temp consumpt ion* at 240 ;M X consumpt jon** KMnO
. mg/1 ,03 ng/1 /1 n hdb w
raw - and ‘extinction
C water{ F2 £ F 4 watery F 2 |F 4 F12 {14 F121{14 d&% xj‘O?
July 25 Sept 12, 1972 199 146 1263108 120 105 § 87 47 73 673 1083 0
Sept 26 Nov 14, 1972 13 164 J145¢130 135 126 §144 07 z4 196 370 123 103
Nov 28 Jan 24, 1973 5.3 165 §149112 9 141 130 |22 18 49 229 413 1228 120
Feb 6 April 3, 1973 70 154 1133112 131 116 §116 11 25 279 387 123 19
April 17 May 22, 1973 131 140 J1234111 m 103 | 98 14 29 2 70 5 08 10_6 92
% rediction DOC inorganic C DO consumption**

DO consumption
Tnorganlc C tormed

in oxygen eliminated*** formed g/l
T} 14
34N 4 234 14 F12134 N 4 F12134 114

July 25 Sept )2, 1972 138 2556 039 Jo47}jo08s 188 }1114295 47 251713 2 60 2.32)2.49
Sept 26 Nov )4, 1972 12.8 J207 024 J032}055 053 {048 00 07 16§24 140 3szjz a
Nov 28 Jan 1, 1973 971218 0.29 J0 211G %0 062 JOSI1.13 18 31149 2 94 62014 41
Feb 6 Apri} 2, 1973 7.0 234 0.39 039 076 030N 06 11 13425 157 4471239
April 17 May 22, 1973 121 1201 02 1013103 074 10651 39 14 14129 154 2281212
geometric average. W08 1T 079 0217050 “0 81 TOST[T - 1.62 ]2 0513 6/ 2 00 2.70
* measured bv the alkaline permanganate method

ol higher in winter due to additfonal decomposition of am. onta

*4*  determined by UV extinction and assuming that each 0 038 UV extinction value corresponds to a DOC of } mg/)

The letter refers to "filtrate” and the following number to the GAC column

F4 the ftltrate from column 4, F 1 2 the filtrate of columns 142, F 1 4 the filtrates of colums 1 + 2 + 3 + 4, etc.

Source:

Eberhardt, Madsen & Sontheimer, 1974

Thus, F2 means "in the filtrate from the second GAC column®,
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TABLE 22, EXTRACTION OF ACTIVATED CARBON USED FOR DIFFERENT PERIODS

activated filter water dioxane DMF total
carbon stage throughout extract extract extract
filter m3/ky g/ky g/kg g/kg
18R (1-3 mm) 1 1o 8.0 25.0 30.0
“ 2 110 10.0 25.3 35.0
" 3 110 6.6 20.4 27.0
" 4 110 5.9 21.8 27.7
B-12 1 13.6 66.0 33.2 99.2
" 4 13.6 33.4 38.0 71.4
£LSS(0.5-1.0 mm) 1 11.8 65.3 72.4 137.7
" 4 11.8 34.9 62.3 97.2
“ 1 30.1 53.6 78.2 131.8
" q 30.1 28.2 72.1 100.3

Source:

Eberhardt, Madsen & Sontheimer, 1974




Cclony Counts--Earlier tests in which the full-scale plant rapid sand
filtrate was oxidized with ozone and then passed through GAC adsorbers
showed abnormally high 72-hour colony counts. Installation of a rapidly
driven slow sand filter (RDSSF) after GAC adsorption lowered the 72-hour
colony counts to satisfactory levels. During the 3-year tests with Hydraffin
BR, colony counts shown in Figure 46 were obtained. In most cases, colony
counts were below 40/ml, but twice (during consecutive summers) they rose to
very high Tevels. After September 1972 a RDSSF unit was installed after the
BR test unit, and the high levels observed during the summers of 1970 and
1971 were not repeated. Bacterial data listed in Table 23 were obtained
during the period October, 1972 to May, 1973.

»
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Figure 46. Percent decreases In colony numbers and
permanganate oxygen consumption (COD)
through GAC over 3% years.

(Eberhardt et al., 1974)

During the 3-year tests with Hydraffin LS, abnormally high 48-hour
colony counts were observed only once (May, 1971). A ROSSF was installed
after the LS adsorber unit in September, 1970 and, after an initial 4 month
adjustment period, the 48-hour colony numbers always were below 20/ml,
except for the May, 1971 data which were very much higher (see Figure 47).

Eberhardt, Madsen & Sontheimer (1974) concluded that the quality of
water following passage through biologically active GAC and a ROSSF was very
high. At most, River Weser water processed in this fashion would require
only safety chlorination (up to 0.3 mg/1 chlorine dosage) to provide a
stable free chlorine residual for the Bremen distribution system.
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TABLE 23. BACTERIAL DATA IN RAW WATER. GAC FIL TRATE AND RDSFF* FILTRATES
raw water Colony and Coli numbers
after GAC after GAC ‘
column~2 column-4 after RDSSF*
date colony E.coli & colonies | colis| colonies| colis{ colonies | colis
nos/ml coliform
bacteria/100 m)

Dct. 3, 1972 1240 6 85 4 14 0 10 0
Dct. 17, 1972 320 8 40 4 22 0 10 0
Det. 31, 1972 144 2 14 ? 2 0 0 0
Nov. 14, 1972 96 30 . 34 8 4] 0 3 0
Nov. 28, 1972 72 20 68 5 16 3 0 0
Dec. 12, 1972 170 28 39 10 4 4 0 0
Pec. 27, 1972 220 40 340 26 53 14 2 4
Dan. 9, 1973 600 18 44 6 36 4 4 0
Jan. 23, 1973 94 110 41 56 8 8 1 0
Feb., 16, 1973 200 32 47 6 35 3 0 0
Feb. 20, 1973 4? 52 60 32 20 16 2 1
March 6, 1973 98 8 32 0 0 0 1 0
March 20, 1973 440 14 160 0 0 0 0 0
April 3, 1973 850 6 270 4 9 0 2 0
pril 17, 1973 340 8 84 2 9 0 5 0]
May 8, 1973 210 10 52 5 8 0 i 9 0
May 22, 1973 300 12 30 1 1 2 i 0 0
Leometric averages 217.6 15.3 59.1 | 3.8 6.7 | 0.56] .20 |o.14
ROSSF = Rapidly driven slow sand filter Source: Eberhardt. Madsen & Sontheimer; 1974
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(Eberhardt et al., 1974)

Varying GAC Filtration Rates--Data 1isted in Tables 24 and 25 compare
the performances of GAC columns of 3 and 6 meter depths and operated at 5
and 10 m/hr filtration rates. The 3 m column operated at 5 m/hr had the
same empty bed contact time (EBCT) as the 6 m column operated at 10 m/hr.
Data for the 6 m columns operated at 5 and 10 m/hr show the effects of
increased EBCT. A1l data shown in Tables 24 and 25 were taken over an 8-
month period, which began several months after startup of the GAC, to allow
biological equilibrium to be attained.

From Tables 24 and 25, it can be seen that longer retention times in
the GAC adsorbers resulted in higher consumptions of dissolved oxygen, but
not significantly increased dissolved organic carbon removals (as measured
by permanganate consumption). Lewer colony numbers were obtained with
longer retention times. Comparing data for the same bed depths but with
different filtration rates showed that at the higher filtration rate, less
dissolved oxygen was consumed, about the same degree of organic carbon
removal was obtained and lower colony numbers were obtained. These data
again indicate adsorption followed by biological regeneration as the operative
mechanisms for removal of dissolved organic materials. The authors concluded
that the increased consumption of dissolved oxygen during slower filtratfon

140



Nt

§TABLE 24, COMPARISON OF VARIOUS FILTERING RATES (ACTIVATED CARBON LS)

vt 2 (o) orygen consneds[colon
Temp.{ raw raw raw
1971 oc water {F 1/2} 1/4§ 3/4 pater | F 1/2]1/4 |3/4 |water] F 1/2| 1/413/4 | F1/4]3/4
Jan-Feb 5.1 7.87 {7.71 |7.5917.65¢411.6] 9.9 }8.7 |9.7 412.6 {10.2 | 8.6]9.5117 }l16
March-April 8.3 7.9 17.77 |7.6247.67111.0] 8.9 |7.0 48.51413.1 {11.2 9.6 10.2 132 |29
May-June 17.4 7.95 ~ 7.40)7.52} 8.7 - 1.9 4.5 }15.8 - 10.4Nn.8§67 |85
July-August 20.6 8.03 ~ 7.4417.53} 7.9 - 1.313.4116.4 - 11.1 12,0450 {11
Filter 1/2 and 1/4 with vf = 5 m/hr 1/2 = 3 m bed depth
Filter 3/4 with vf =10 m/hr 1/4 = 6 m bed depth
3/4 = 6 m bed depth

L x measured by the alkaline permanganate method

Source:

Eberhardt, Madsen & Sontheimer, 1974
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TABLE 25. COMPARISON OF TWO ACTIVATED CARBON FILTERS OF THE SAME BED DEPTHS WITH DIFFERENT
i FILTERING RATES )

parameter rapid sand filtrate activated carbon filtrate at
v = 10 m/hr. v = 5 m/hr.

pH 7.94 7.59 7.51
DO (mg/1) 9.7 6.0 3.5
oxygen consumption (mg/1)* 14.4 10.9 9.7
DOC (mg/1) 3.3 2.7 2.5
CoD (mg/1) 12.7 9.5 8.9
UV extinction 0.139 0.110 0.109
no.of colonies - 26 : 37

* measured by the alkaline permanganate method

Source: Eberhardt, Madsen & Sontheimer, 1974




rates must have been a result of biological decomposition of adsorbed organics,
since total dissolved organic removal was about the same regardless of the
filtration rates.

Varying GAC Grain Sizes--Two samples of Hydraffin LSS granular activated
carbon having different average grain sizes (1 m and 1.8 mm? were compared
over a period of 6 months. For this study, analyses were made at the start
of the experiments using fresh GAC samples and data are listed in Table 26.
It can be seen that although during the first month the larger grain size
carbon removed more organics (as measured by the differences in KMnOgq
consumption values), for the subsequent 5 months, the smaller grain size GAC
gave better organics removal. In addition, the differences between the two
granular activated carbons in removing organics were widening in favor of

the smaller grain sized GAC as time progressed.

Recyg1ing Through SAC to Study Biological Regeneration--After two years
of operation in a once-through mode, all of the effluent from the fourth
column of the GAC adsorber unit containing Hydraffin LS was aerated and
recycled back to the first column. This recycling was continued for the
next two months, during which time the effluent from column #4 and the
influent to column #1 were monitored for KMnO4 consumption, CO, CO2 formed
and UV absorption. Data gathered over this period are listed in Table 27.

During the initial recycling period, the dissclved organic content of
the effluent from column #4 increased, but then decreased after about 1
month to {ts original value. After the initial recycling period, the
amount of CO2 produced decreased to about 5 mg/1. During this time, however,
the amount of dissolved organic material removed from solution per pass
through the GAC (as measured by the permanganate consumption methodg remained
about the same. Alsc during this time, the amount of dissolved oxygen
consumed was about equal to the amount of CO2 produced (about 5 mg/1). The
rate of COp production (from biochemical oxidation) was always greater than
the amount of organics removed from solution; thus biochemical degradation
of adsorbed organics was occurring during the 2-month recycling period.

These data suggest that it may be possible to regenerate granular
activated carbon columns in place, biologically, by employing this recycling
technique. However, an estimated 6 month recycling period would have been
required to attain total biological regeneration at the Bremen pilot plant,
and this may not be practical. Nevertheless, these recycling data indicate
strongly that biological regeneration does occur, and that 1t 1s at Teast
technically feasible to consider biological regeneration in place, rather
than by installing thermal reactivation facilities. Even partial bioiogical
regeneration processes could be effective in reducing thermal regeneration
costs during times when the GAC is fully loaded with organic materials and
the organic content of the raw water is low.

Granular Activated Carbons of Different Structures--It had been shown
by Van der Kooij (1975) and by Klotz, Werner & Schweisfurth (1975) that
bacteria are too large to fit into the micropores of granular activated
carbon which comprise about 99% of the available surface area. Only the
larger pores near the GAC outer surface are large enough to house the
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IABLE 26, COMPARISON OF DIFFERENT GAC GRAIN SIZES (LS ACTIVATED CARBON)

pH value DO content oxygen
Date Temp. mg/1 consumption*
0¢ mg/1

raw raw raw

water | 3/2 | 4/2 water | 3/2 | 4/2 | water.] 3/2 ] 4/2
September 1971 16.65 7.83 }/.88 ] 7.91 8.5 7.1 7.2 18.0 1 3.4} 2.8
October 12.93 7.89 17.78 ) 7.77 9.2 7.317.3 22.1 |11i4 J11.8
November 7.16 7.84 17.68 ] 7.66 10.1 ] 8.1} 8.1 22.1°}115.9 J16.6
December 7.23 7.77 37.61 ) 7.59 9.3 7.317.0 18.9 114.0 |14.4
January 1972 2.58 7.87 7.71 ] 7.73 11.8 } 10.2] 10.5}] 18.5 }13.9 }|14.9
February 1972 4,06 7.84 3§7.59 1} 7.61 50.3 7.1]1 7.6 23.2 118.5 }19.7
Average, Sept. 1971-

Feb, 1972 8.44 7.84 17.71v ) 7.72 9.8 7.8%1 7.9 20.4 111.4 }J11.5

3/2 with 0.5 range

~ 1.5 mm
4/2 with 0.5~ 3.0 mm range

* measured by the alkaline permanganate method.

Source:

‘O

tberhardt, Madsen & Sontheimer, 1974
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TABLE 27, RESULTS OF RECYCLING TFSTS AT BREMEN WATER WORKS

1972 pH oxygen DO CO2 uv

consumed* extinction - Sampling

na/l mall ma/l $240 nm, 1 cm _FTEQmLT_T
July 4 /.70 1 6.9 5.7 0.113 efore filter
July 4 7.43 10.4 3.5 10.1 0.110 after " 4
July 5 7.6/ 12.0 5.3 7.1 0.148 before " 1
July 5 7.15 13.6 0.9 16.3 0.146 after " 4
July 7 7.40 18.0 5.8 5.5 0.177 before " 1
July 7 6.93 17.4 1.0 11.2 0.175 after " 4
July 18 8.05 14.2 8.2 3.1 0.165 before " .1
July 18 6.98 12.3 1.4 13.2 0.160 after " 4
July 19 7.30 14.2 6.1 6.6 0.172 before " 1
July 19 6.80 13.3 1.4 11.4 0.168 after " 4
July 21 7.15 17.1 5.6 6.6 0.206 before * 1
July 21 6.73 15.5 1.3 12.1 0.195 ?fter " 4
July 25 7.30 13.6 5.8 7.0 0.174 before " 1
July 25 6.92 12.0 1.3 9.7 0.168 ?fter " 4
August 1 7.42 10.1 6.1 7.6 0.155 before " 1
August 1 6.95 9.8 1.0 11,0 0.138 ?fter “ 4
August 15 7.40 10.8 6.0 6.6 0.154 - before * 1
August 15 7.00 10.4 3.1 9.7 0.147 after " 4
August 29 7.27 10.7 6.8 7.0 0.140 before " 1
August 29 6.95 8.5 3,2 10.1 0.120 after " 4
Average-July 4-Aug. 29 7.47 13.2 6.4 6.3 0.160 before " 1
Average-July 4-Aug. 29 6.95 12.3 1.8 11.5 0.152 after Y 4

d1fference 0.52 0.9 a6 | 5.2 0.008 |

* measured by the alkaline permanganate method
Source: Eberhardt, Madsen & Sontheimer, 1974




bacteria. Therefore, tests were conducted next with Hydraffin B-12, which -
contains a higher number of large inlet pores than do the other Hydraffins
tested. Data obtained are listed in Table 28, and these were taken over an
8-month period.

During the first 4 months of use, more dissolved organic carbon was
removed from solution (by adsorption) than was inorganic carbon produced.
However, during the fifth month, the amount of fnorganic carbon produced
became about the same as the amount of organic raterials being removed.
After the sixth month, the amount of inorganic carbon produced was greater
than the amount of dissolved organic carbon being removed. Comparing the
results obtained with Hydraffin B-12 with those from other activated carbons,
it is clear that the B-12 GAC removed a higher percentage of dissolved
organic materials.

Further testing using fine grafned (1 mm) Hydraffin LSS (which has a
higher adsorption capacity for dissolved organics) was conducted for 11
months. Results from these tests and those shown in Table 24 are plotted in
Figure 48. The ratios of A(DOC removed/cu m of GAC/hr) are plotted on the
ordinate against time, and data obtained for Hydraffins BR, B-12 and LSS
(0.5-1.0 mm grain size) are presented. Both B-12 and LSS gave better removals
of dissolved organic materials than did Hydraffin BR. After the initial
period of biology buildup, 32 to 38% of the influent DOC was biochemically
decomposed at a steady rate in the Hydraffin B-12 adsorber. On the other
hand, 50 to 53% DOC removal occurred in the Hydraffin LSS adsorber, but only
after a somewhat longer initial adjustment period.

At the end of these 11-month long studies, samples of the different
granular activated carbons were extracted with dioxane, then DMF, to determine
their total organic loadings. An average loading of 115 g/kg of GAC was
found for the fine grained LSS, and 85 g/kg faor the B-12 carbon.

Summary of Bremen Pilot Plant Test Results --

1) Dissolved organic substances were first adsorbed by GAC resulting in
high loadings on the GAC during the first 3 to 5 months of GAC use.
Thereafter, biological activity reached a steady state, from which
point a significant fraction of the adsorbed organics was degraded
biochemically to CO2 and water,

2) After the biological steady state had been attained, 100 to 140 g of
dissolved organic carbon was bacterially oxidized/cu m of activated
carbon per day. Consumption of dissoived oxygen averaged 360 g/cu m of
granular activated carbon/day and 240 g/cu m/day during winter.

3) For 30 minute empty bed contact times, about 2 mg/1 of DOC could be
removed from solution. This corresponds to about 5 mg/1 of dissolved
organic materials removed.

4) Organic materials must be biodegradable. The amount of biodecomposable
components present could be increased by preoxidation with ozone.
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TABLE 28. TESTS WITH B-12 ACTIVATED CARBON

Date Raw Water % decrease 1n pO, HACOZ A DOC Jrnorg. G
oxygen uv- oxygen
consumed*} extinction| consumed* uv mg/ 1 mg/1 mg/ | mg/1
mg/1 corr. 122 1-4 {14 14 e | e | s
i
Sept. 26 Oct. 17, 1972 16.6 0.126 60.3 67.2 | 69.8 3.5 1.92 2.3 0.52
Oct. 24-Nov. 14, 1972 16.5 0.150 39.1 56.2 § 49.2 3.6 2.98 1.94 0.81
Nov. 21-Dec. 12, 1972 14 0.125 27.5 48.4 | 47.8 2.6 2.07 1.56 0.56
Dec. 19-Jan. 9, 1973 15.3 0.126 26,6 45.1 | 36.2 4.1 3.40 }.20 0.43
Jan. 16-Feb. 6, 1973 19.3 0.173 18.6 36.7 | 31.3 4.6 5.85 1.42 1.47
Feb. 13-Mar. 13, 1973 14.8 0.133 17.2  36.9 33:3 2.4 3.85 ].16 1.05
hMar. 20-April 10, 1973 14.9 0.120 14.9 38.2 | 28.8 3.4 4.14 6.90 1.13
April 17-May 15, 1973 14.0 0.110 22,7 36.0 § 32.3 3.3 6.73 0.94 1.84
May 22-June 12, 1973 16.5 0.135 24.5 36.9 {37.0 6.9 4.67 i.31 2.64
}

* measured by the alkaline permanganate method.
Source: Eberhardt, Madsen & Sontheimer, 1974
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(DOC) of a GAC filter with operating time for normal (BR)
and more highly activated carbons.
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Preozonation also increased the rate of DOC removal at low temperatures,
during winter.

Biochemical regeneration of GAC was be followed by measuring the

amount of CO2 generated and relating this to the amount of DOC removed
from solution. When the ratio A(DOC removed)/A(inorganic carbon produ-
ced) was less than 1, the source of the additional C0» must have been
from organic materials previously adsorbed by the GAC. When this ratio
was greater than 1, adsorption of organics was proceeding at a faster
rate than biodegradation. When the ratio was about 1, the two processes
were occurring at approximately the same rate.

During the 3+ years of testing at Bremen, the ratio A(DOC removed) to
A{inorganic carbon produced) was about 1 most of the time. During
periods of low water temperature (winter) the ratio was greater than 1;
during summer the ratio was less than 1.

The maximum amount of DOC removal occurred during the initial period of
GAC use, when adsorption was the dominating process. About 80% of the
DOC was removed during the initial 6 week period. Thereafter, the COC
of the GAC effluent rose to a level which remained constant and was
related to the influent DOC level. Under the best conditions found at
the Bremen pilot plant (large inlet pore GAC, high initial adsorption
capacity for the dissolved organic materials present in the Bremen raw
water, fine grain size), about 50% of the influent DOC could be removed
constantly after the biological steady state had been reached. For
other granular activated carbons, the rate of 00C removal at the biologi-
cal steady state was 20 to 33%.

Satisfactory 48- and 72-hour colony numbers/m] were obtained after
passage through biologfcally active GAC. However, when the GAC influent
had been preoxidized with ozone cr with chlorine, the 72-hour colony
counts rose to very high levels. Installation of a rapidly driven slow
sand filter after the GAC adsorber lowered the 72-hour colony counts to
acceptable values.

Coliform counts/100 ml were very low and acceptable in all GAC filtrates.

A1l GAC experiments conducted at the Bremen pilot plant utilized rapid
sand filtrate from the full-scale plant, which had been pretreated with

1 to 3 mg/1 of KMnO4. No experiments were conducted to determine
whether this permanganate pretreatment increased the biodegradation
rates. Treatment of the plant rapid sand filtrate with chlorine (unrepo-
rted dosage) did not increase the rate of biodegradation as did preozona-
tion.

Ammonia levels in the River Weser raw waters remained low (below 2
mg/1) throughout the 3+ years of testing. Nitrification occurred in
the rapid sand filters of the full-scale plant, in the biologically
active GAC adsorbers and in the slow sand filters. The amognt_of
dissolved oxygen required to satisfy the requirements for nitrification




in thémaAC ;nd following slow s;;& fiTters was sufficiently Tow that
additional oxygen was not necessary.

M1heim, Federal Republic of Germany

The Rheinisch-Westfdlische Wasserwerksgesellschaft mbH has taken
advantage of biological activated carbon to radically change the drinking
water treatment process at the 48,000 cu m/day (12.7 mgd) Dohne plant in
Milheim, Germany (Sontheimer et al., 1978; Heilker, 1979). Raw water for
this plant is the River Ruhr, which until mid-April, 1977 was treated by
breakpoint chlorination for ammonia removal, flocculation, sedimentation,
granular activated carbon for dechlorination, then ground filtration. Over
the years, ammonia concentrations have increased, requiring prechlorination
doses as high as 10 to 50 mg/1. In turn, these high chlorine doses produced
large amounts of chlorinated organics (Table 29) which not only were incomple-
tely adsorbed by the carbon columns and passed through the plart into the
distribution system, but also caused frequent regeneration of the activated
carbon columns (every 4 to 8 weeks).

TABLE 29. ORGANQ-CHLOROCOMPOUNDS PRESENT AFTER BREAKPOINT CHLORINATION

DOCT* [ DOCTN** [ Sum of halo-) CHCI3
Sampling Point ppb ppb forms, ppb ppb
raw water (Ruhr river) 17 5 9 <]
after flocculation + sedimen- - - 15 6
tation
after filtration 203 30 23 7
after GAC filters 151 17 21 7
after ground passage + safety 92 18 23 9
chlorination

* DOC) = dissolved organic chlorine
** DOCIN = dissolved organic chlorine, non-polar

Source: Sontheimer et al. (1978).

During a two year pilot study on the use of preozonation followed by
activated carbon adsorption for removal of ammonia and of organics, it was
found that breakpoint chlorination could be eliminated completely and the
BAC operation could be relied upon totally for removal of ammonia. At the
same time the DOC was reduced to the desired levels.

This process, involving ozonation ahead of sand filtration and granular

activated carbon adsorption, was installed and began operating in mid-April,
1977. _At the time, the GAC columns at this plant were 2 meters deep (EBCT =
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5.5 minutes} and the GAC, exhausted during use under the old process, was
used from mid-April until July, 1977, During late summer, 1977, the carbon
bed depths were increased to 4 meters (EBCT = 11 minutes). Fresh GAC was
charged to the deeper columns and these began operating in November, 1977.
The process at MliTheim has been operating as predicted by the pilot studies
and the carbon columns have not yet required regeneration. The performance
of the full scale plant process is as effective as was the pilot process at
the same stage of development (Sonthefmer, 1978). ' -

The newly installed process at Dohne involves preoxidation with about 1
mg/1 of ozone with addition of poly-aluminum chloride and 1ime as flocculants.
Preozonation oxidizes manganese and aids in flocculating the organics.

After flocculation and sedimentation, 2 mg/1 of ozone is added to oxidize
dissolved organics. After a retention time of 15 to 30 minutes, the ozonized
water initially was again preflocculated using 0.2 mg/1 aluminum chloride

and 0.1 mg/1 polyelectrolyte, filtered through sand, then passed through
biological activated carbon where the bulk of DOC and ammonia are removed.

During the period April-July, 1977, it was found that the preozonation
step, coupled with high speed agitiation was so successful in removing
suspended solids that the second AIC13 plus polyelectrolyte addition step
was eliminated when the process was re-started in November, 1977. However,
nitrification is promoted by addition of 20 mg/1 of oxygen (obtained from
1iquid oxygen cylinders) before sand filtration (where most of the nitrifica-
tion occurs). The ammonia content of the Ruhr River has risen to nearly 6
mg/1 as of June, 1978. Addition of gaseous oxygen is controlled by a DO
residual level of 7 mg/1 monitored after the BAC columns.

Table 30 summarizes the the process changes which were made at the
Dohne plant during the period 1977-1978. A comparison of the performance of
the new process versus the old process is given in Table 31. The COC of
treated water today is less than haif of that treated by the old process.
Even lower DOC values are being obtained since the depths of the GAC columns
have been increased. Finally, no chlorinated organics are being generated
by prechlorination.

After activated carbon adsorption, the treated water is sent to ground
infiltration (12 to 50 hours retention time), after which it is chlorinated
(0.2 to 0.3 mg/1) and sent to the Mlilheim distribution system. Ground
infiltration at Dohne no longer is considered to be necessary, because of
the high quality of water which the plant produces. It will be maintained,
however, as a convenient and functional water reservoir (Heilker, 1978).

Table 32 shows the bacterial content of waters at the various points in
the new treatment process. E. coli counts/100 ml are essentially zero after
“filtration and remain essentially zero after BAC filtration as well. There
should be no concern for E. coli passing through the BAC media into the
product waters because this strain of bacteria does not survive in the
presence of the other bacterial strains present in the GAC (Van Der Kooij,
1978; Schweisfurth, 1978).




TABLE 30. PROCESS PARAMETERS AT THE DOHNE WATERWORKS (MULHEIM) BEFORE AND
AFTFR CHANGE QF TREATMENT

Treatment Step 01d Ireatment New Treatment New Treatment
(before 1977) (April-July 1977) | {Nov. 77-June 78)
preoxidation 10-50 mg/1 C1, 1 mg/1 03 1 mg/1 03
dosing 4-6 mg/1 A3 4-6 mg/1 AT 4-6 mg/1 AT
power input 0.1 ki/m3 2.5 ki/m3 2.5 kW/m3

Ret. time =0.5 minj Ret. time 20.5 min fRet. time = 0.5 min

flocculation 5-12 mg/1 Ca(OH)p} 5-15 mg/1 Ca(OH), | 5-15 mg/1 Ca(OH),

sedimentation Ret. time =1.5 hr] Ret. time=1.5 hr | Ret. time=1.5 hr

ozonation = | = ~e---- 2 mg/1 03 2 mg/1 03

Ret. time =5 min Ret. time =5 min

filtration v* - 10.7 m/hr v* = 9 m/hr 20 mg/1
with
preflocculation
0.2 mg/1 A1*3 T1quid oxygen
0.1 mg/1 poly-
electrolyte
activated v¥* = 22 m/hr v* =18 m/hr v¥ = 28 m/hr
carbon filter h*¥* =2 m h** =2 m (4m) h** = 4 7

ground passage Ret. time 12-50 hr Ret. time 12-50 hr] Ret, time 12-50 hr

safety 0.4-0.8 mg/1 Cl, 0.2-0.3 mg/1 Clp 0.2-0.3 mg/1 Cl,
chlorination =

"

*V

filter velocity
**h

bed height
Sources: Sontheimer et al., 1978
Jekel, 1978 and 1979

0
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TABLE 31. MEAN COC VALUES AFTER THE DIFFERENT TREATMENT STEPS (MULHEIM)

1975 1976 | Aprii-duly | Nov. 1977 -
poc, Doc, {1977, DOC, | June 1978,
sampling point mg/1 mg/1 ma/1 DOC, mg/1
raw water (Ruhr river) 3.9 5.0 3.6 2.4 - 3.7
after flocculation + sedi- 3.2 4,0 2.9 1.8 - 3.0
mentation
after filtration 3.2 3.8 2.6 1.7 - 3.1
after GAC filtration 3.0 3.7 2.3* 1.0 - 2.6**
after ground passage 1.8 2.1 0.9 -——

*  filters filled with fully loaded GAC, used in old treatment process
**  filters doubled in height and filled with new GAC

Sources: Sontheimer et al., 1978; Jekel, 1978

Pilot plant data are presented in Table 33 which show the effects of
variation of activated carbons on removal of DOC, inorganic carbon, amronia
and dissolved oxygen. In addition, this table also compares the removal of
these same parameters with carbon column depths of 2.5 m and 5.0 m for two
different activated carbons.

Conversion of ammonia and dissolved oxygen consumption are fairly
independent of carbon type or column depth. On the other hand, removals of
DOC and inorganic carbon produced are affected by the carbon type. Most
significant, the amount of DOC removed with 5.0 m columns is about 50%
higher than with 2.5 m columns, although the amount of inorganic carbon
measured increases only slightly.

During pilot studies at the Dohne plant with the BAC process, activated
carbon columns were found to have operational 1ives of at least one year,
and in some cases two years, without requiring regeneration. Life of the
full scale carbon colurns at Dohne now is estimated to be at least two years
(Sontheimer, 1978). No signs of loss in performance of the activated carbon
have been noted during the first year of operation, and the new carbon
columns have not yet had to be regenerated (Jekel, 1978).

Additionally, preozonation has extended the running times of the sand
filters from two to seven days before backwashing is required. Backwashing
of the four GAC filters (each of which contains a different granular activated
carbon being tested on full scale) varies, but was conducted during initial
stages of plant operation every 10 days, on the average. However, during
the summer of 1978, “a population explosion of nematodes" was observed in
both the rapid sand filters and GAC adsorbers. These growths were caused by
the long intervals between backwashes, during which the nematodes developed.
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TABLE 32, GEOMETRIC MEAN VALUES OF BACTERIAL COUNTS FOR THE MULHEIM,
GERMANY (DOHNE) PLANT USING OZONE

Sampling place Total Bacterial
. Counts/m1 E-Coliz100 ml
M * T3 Mx ET3
g g 9 g
Raw water {Ruhr) 14,490 2.0 1,620 1.7
After flocc'n + sediment'n 2,340 4.2 6.7 3.2
After filtration 6,010 4.9 << ---
After activated carbon 3,700 4.3 <<1 -
After ground passage 27 2.3 << -—-
* Mg = geometric mean
** g_ = geometric standard deviation

TABLE 33. PERFIRMANCE OF BICLOGICAL ACTIVATED CARBON FILTERS. MEAN VALUES
FOR 6-MONTH OPERATION AFTER A 3-MCNTH STARTING PERIOD (DOHNE
PiQT PLANT, MOLHFIM, GERMANY)

Activated carbon A 20C A (inorg C) A NH4+ 40,

type bed de?;? mg/1 mg/1 mg/1 mg/1
LSS 2.5 0.92 0.83 . 1 6.32
LSS 5.0 1.69 0.96 1.34 6.67
ROW 2.5 1.09 0.97 1.31 6.49
ROW 5.0 1.59 1.05 1.34 6.71
NK12 2.5 0.99 1.36 1.28 6.03
F40D 2.5 1.26 1.1 1.32 65.95
BKA 2.5 1.00 0.97 1.28 5.99

" Source: Sontheimer et al., 1978
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When the backwashing intervals were reduced to 3 days (just below the time -
of the reproduction cycle of this genus of microorganisms), the nematodes
disappeared (Heilker, 1979).

Elimination of breakpoint chlorination at the beginning of the MiTheim
process eliminates formation of chlorinated organics which caused the acti-
vated carbon columns to have to be regenerated every 2 months under the old
process. The 10 to 50 mg/1 dosage of chlorine previously required for this
step now has been replaced with 3 mg/1 total dosage of ozone, applied in 2
stages. Additional cost-savings associated with this change include the
labor which was required with breakpoint chlorination. Formerly, a technician
was required to sample water every two hours and to analyze for chlorine and
for ammonia. This labor requirement has been eliminated {Sontheimer, 1977a,b).

Increased algae levels occur in the Ruhr River near Milheim in the
spring and fall. These are compensated for at the Dohne plant simply by
increasing the preozonation dosage from one to two mg/1 until the algae
bloom has subsided. The plant operating characteristics remain normal with
this procedure (Nolte, 1978).

Because of the success of the BAC process in replacing breakpoint
chlorination at the Dohne plant, the Rheinisch~Westfdlische Wasserwerk-
gesellschaft mbH now is designing BAC into two of its other plants in the
Milheim area of Germany. Neither of these plants will employ ground infiltra-
tion of treated water.

It is important for the reader to realize that Dohne's raw water (the
Ruhr River) does not contain significant amounts of of synthetic organic
chemicals. TOC1 levels are very low. In fact, the German governrent prohi-
bits the discharge of industrial wastes into the Ruhr, because it is the
source of drinking water for many cities in the area. There is considerable
pollution in the Ruhr because of sewage discharges, but the components of
this generally are biodegradable, or can be made so by oxidative pretreatment.

As a result, there is only a small chance for non-biodegradable organic
materials to be present after ozonation, and most of the organics entering
the BAC media are expected to be biodegradable. Therefore, the 1ife of the
BAC columns at the Dohne plant should be at least two years before regenera-
tion is required, based on pilot studies of that length of time.

At the present time, the criteria to be used to determine when the GAC
is to be regenerated at Zohne are the breakthrough of DOC and of the organic
materials which absorb at 254 nm in the ultraviolet regfon. These criteria
probably will be adjusted on the basis of overall plant performance and the
changes which are noted in the water quality parameters currently being
monitored. TOC1 analyses are being conducted routinely at Dohne, and it is
possible that this parameter can become a regeneration criterion, if pollu-
tional levels of such halogenated organic materials increase in the future.
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Rouen-1é-Chépe11e, F;;nce

At the 50,000 cu m/day (13.2 mgd) plant at la Chapelle St. Etienne de
Rouvray in Seine Maritime (west of Paris near the Atlantic Ocean), well
waters drawn from near the Seine contain 2 to 3 mg/1 ammonium ion, 0 to 0.2
mg/1 manganese, various micropollutants (detergents, phenols, Substances
Extractable with Chloroform, etc.) and are practically devoid of dissolved
oxygen. Since 1968, the ammonia content of the raw water has risen from an
average of 0.3 mg/1 to an average of 2.6 mg/1. This increase required that
the treatment process be improved. Breakpoint chlorination was discarded
because it would have required very large contact chambers (close to 7,000
cu m) and would have produced chlorinated organics which then would have to
be removed.

After three years of pilot plant testing, the following process (Figure
49) was developed, was installed and began operating in February 1976 {(Gomella
& Versanne, 1977; Rice, Gomella & Miller, 1978):

) Pre-ozonation (0.7 mg/1) for Mn, organics and adding dissolved oxygen
to the water

'} Filtration through quartz sand
. Adsorption in GAC beds
’ Ozonation for disinfection (1.4 mg/1)
® Post-chlorination (0.4 to 0.5 mg/1)
This single operation of preozonation assures the following:
] oxygen demands of the materials in water are satisfied,
] water is oxygenated,

. complex, biorefractory molecules are broken down and become biode-
gradable,

0 the content of various micropollutants is lowered,

. manganese is oxidized and precipitates, to be retained on the sand
filter so that it does not block adsorption sites on the biological
activated carbon.

About 8C% of the nitrification occurs in the sand filter beds (100 cm
deep). Periodic backwashing of these sand filters to remove oxides of
manganese does not upset the action of these bacteria. Similarly, bacterial
activity on the activated carbon beds (75 cm deep) is not displaced during
backwashing. The BAC beds are backwashed (by bumping with air, then using
water) once each month, but have not yet had to be regenerated after 2.5
years of operation. However, one GAC bed was reactivated in early 1979 so
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Figure 49. The Rouen-ita-Chapelle process,

Rouen, France.
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as tg allow pla;t personnel to become familiar with the operation (Schulhof,
1979).

This plant began operating in February, 1976 and showed the perfor-
mances listed in Table 34 for the first two years of operation, respectively.
During the first year the empty bed contact time for the carbon beds was 9
minutes. During the second year, this was increased to 18 minutes by
decreasing the flow rate of water through the plant. The percent pollutant
rerovals are somewhat better with the longer empty bed contact time.

TABLE 34. ROUEN-LA-CH*PELLE PLANT OPERATIONAL DATA (1976 AND 1977)

raw preozo-] Tiltered| post %
water nized | (sand & | ozoni- | elimination
parameter GAC) zed 976 1977%*
turbidity 4 - - 2 - .-
(mastic drops)
ammonia (mg/1 1.80 1.80 0.40 0.26 86% 95%
NH4+)
Mn (mg/1) C.15 0.07 0.04 0.02 87% 90%
detergents 0.12 0.09 0.06 0.03 75% 75%
(mg/1 DBS)
phenols 6.5 4.0 1.5 0 100% 100%
{microg/1)
SECH** 590 470 250 150 75% 75%
(microg/1)
substances 1,335 740 538 410 69% 70%
extractable
with cyclo-
hexane
(microg/1)
av. NH3 content of raw water: 0.3 mg/1 in 1968; 2.6 mg/1 in 1975
* EBCT = 9 minutes
** EBCT = 18 minutes
*** SEC = Substances Extractable With Chloroform
Sources: * Gomella & Versanne, 1977
** \ersanne, 1978
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During a site visitation to the Rouen plant in June, 1977, it was
learned that neither air nor oxygen are added after sand filtration or
before GAC adsorption, and that the dissolved oxygen content of the water
exitjng the BAC beds is zero (Versanne, 1978). This would indicate the
possibility that there may be incomplete nitrification or some denitrification
occurring in the lower part of the 75 cm deep GAC beds.

Gomella & Versanne (1977) reported that even though 1 gram of ammoniacal
nitrogen requires 4.57 g of oxygen to be converted to nitrate ion (stoichio-
metry not indicated), only 3.2 g are required at the Rouen plant. This is
further indication of the occurrence of denitrification processes. In this
situation, the oxygen source for the nitrifying bacteria would be the nitrate
ion, and as oxygen is removed from the nitrate {ons, both nitrite fons and
nitrogen gas can form.

There should be no dangers from this practice at Rouen, however,
because after BAC treatment, the product water is subjected to ozonation for
disinfection. The French standard for this process involves first attaining
a dissolved ozone residual of 0.4 mg/1, then maintaining that 0.4 mg/1
residual ozone concentration for a minimum of 4 minutes. Under these condi-
tions, Rouen's BAC-treated waters are disinfected, viruses are inactivated,
any nitrite ifons formed in the GAC beds are oxidized to nitrate ions and
high dissolved oxygen levels are restored.

A case history of the Rouen plant has been published recently by Rice,
Gorella & Miller (1978). At least 29 specific organic hydrocarbons and 16
oxygenated organics have been identified in Rouen’s raw waters. Only chloro-
form, carbon tetrachloride, trichloroethylene and trichlorobenzene were
identified as chlorinated organic impurities. Rouen does not menitor for
TOC1, but is testing that procedure for possible use as a GAC reactivation
criterion.

Under these circumstances, it is probable that most of the organic
compounds present in the Rouen raw water are biodegradable after ozonation.
The amounts of identified chlorinated organic compounds are very Tow.
Therefore, it is to be expected that most of the organic pollutants present
are being removed by the biologically active GAC, and the BAC should have a
long useful 1ife at Rouen. Nevertheless, the presence of some chlorinated
organic compounds indfcates that TOC1 should be monitored frequently, as a
check on the cumulative loading of these materfals on the GAC. When this
practice is instituted at Rouen, perhaps TOC1 will be chosen as the key
regeneration parameter, and the useful 1ife of the BAC at Rouen may turn out
to be shorter than indicated by the parameters 1isted in Table 34.
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- _ ~ SECTION 10
EUROPEAN MICROBIOLOGICAL STUDIES IN ACTIVATED CARBON FILTERS & ADSORBERS
INTRODUCTION

. Many investigators have observed the rapid growth of bacterfa in
activated carbon media used as filters and/or adsorbers in drinking water
treatment (McCreary & Snoeyink, 1977, references cited therein; references
cited throughout this sub-section). For purposes of differentiation, the
term "activated carbon filter" will be used to describe the use of activated
carbon in place of sand filters, when the primary function of the activated
carbon 1s as a filtration medium. On the other hand, the term "activated
carbon adsorber”" will be used to describe the same activated carbon unit
after sand or dual media filters.

High levels of bacteria also have been observed in the effluents from
GAC filters and adsorbers used for periods of more than a few months.
Several pertinent observations in this regard were presented at the Conference
on Activated Carbon in Water Treatment held in England during April, 1973
and sponsored by the Water Research Association, Medmenham, England. The
Proceedings of this conference provide valuable information regarding the
status of activated carbon used for treating drinking water supplies at that
time. In this sub-section we will discuss the status of European microbiolo-
gical studies as i1t existed in 1973, as reported in five presentations made
at that conference. Next, more recent European studies will be discussed.
A portion of these later studies has been presented briefly in Section 6.

EUROPEAN STATUS AS OF 1973

Melbourne & Miller (1973) reported details of an extensive study ]
conducted over the period 1968 to 1971 at the Colwick (Englgnd) plant wh1cb
treats River Trent water. The plant treatment process consisted of biological
sedimentation (for ammonia conversion), chemical addition, sedimentation,
anthracite/sand filtration, GAC adsorption and post-chlorination. Ouring
this study the behavoir of the plant stream was compared with that of a
second stream which was pretreated by chiorination or caustic soda softening.

Qver the 3-year period of this study. it was found that the GAC adsorbers
removed about 80% of the bacteria present in the plant stream entering the
carbon beds under "normal conditions” (without prechlorination or presqften;
ing). However, when prechlorination or presoftening were practiced, s1gn1fd-
cantly increased growths of organisms across the GAC_adsorbers were o?ggrv? .
On the average, waters from the sand filters containing no co]iform:/ 0 g s
zero E. coli/100 ml and no 22°C plate counts/ml showed an average of aoou
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10 coliforms/100 mi, zero to 9 E. Coli/100 ml, but 1,000 to 8,500 22°C plate
counts/ml in the GAC effluents over an 8-week period (Table 35). ¢ plate

On the other hand, even when these high levels of organism growths

occurred, final chlorination successfully eliminated them, except in a few
instances.

— Knoppert & Rook (1973) had studied the treatment of River Rhine water
at the Rotterdam (The Netherlands) Waterworks with granuiar activated
carbon over Fhe.per1od 1970 to 1972. At the time, this plant used the
process consisting of microstraining, breakpoint chlorination, iron (III)
coagulation, powdered activated carbon, flocculation, sedimentation and
rapid sand filtration.

Knoppert & Rook (1973) stated, "The only objection to locating GAC beds
at the end of the purification process is the generally-known bacterial
growth in the beds, which may give rise to high bacterial counts in the
delivered water". Therefore these investigators conducted a program to
study the possibilities of diminishing this bacterial development by backwash-
ing the GAC beds frequently.

Two equivalent GAC columns were operated in parallel and threshold odor
numbers were monitored in the effluents. One column was backwashed daily
and the other twice monthly. The column which was backwashed daily ran 52
weeks before taste breakthrough occurred. During this time, the measured
22°C bacterial count levels rose to 10,CC0/m1 after 8 weeks, then diminished
steadily to about 25/ml by the end of this run (52 weeks).

The second GAC column, backwashed twice monthly, ran only 40 weeks
before taste breskthrough occurred. Bacterial counts in the effluents also
rose to 10,000/m1 after 8 weeks of operation, decreased to 100/ml after 24
weeks and then rose to nearly 1,000/ml at breakthrough (40 weeks).

The 37°C colony counts of both GAC beds remained at levels less than
10/m1 throughout the test period. The 22°C colony counts of both GAC bed
effluents were easily controlled by post-chlorination.

Ford (1973) reported studies conducted at the Foxcote Treatment Works
of the Bucks Water Board (England), where GAC was introduced into the plant
process for taste and odor control in 1960, after an 18-month pilot plant
study conducted during 1957 and 1958. The treatment process at this 11,400
cu m/day (3 mgd) plant involved coagulation (ferric sulfate or alum), break-
point chlorination (to 0.5 mg/1 free residual chlorine), rapid sand filtra-
tion, GAC, rechlorination and ammoniation. The GAC adsorber bed was 0.91 m
high x 2.44 m in diameter (volume 34.2 cu m) and had a 97 second actual
contact time (assuming 30% interstitial voids in the carbon), or a superficial
contact time of 325 seconds at a filtration rate of 2.8 mm/sec.

GAC filtrates at Foxcote frequently exhibited substantially higher
plate counts (3-days incubation at 22°C on nutrient agar) than did the rap;d
sand filtrates. Figure 50 is a histogram of 22°C plate count data obt;;nei-
for samples of the sand and GAC f{1trates and of the final waters (rechlor

~
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TABLE 5  REMOYAL OF SACTERIA DURING LA-STIC SUBA SCFTLNING AND PRELILORINATION AT COILWICK, ENSLAND
sand FTTtered Carbon Treated AsTaYected sand Tiliered carbon treated disinfected
L rerrinw i T (LI S0 8 FEAATTTS IO (RTYUE B7 22
r) E_coll ate [co €0 platefcoll [ "L pratellco [ plate]co [ co plats [ colt g coly “C plate | week
‘{:o:s/ rtlw ma:%m forms/ Fper 100 lcount/100 |forms/ | per TOU |count/100 {lforms/ {per YOU lcount/100 {farms/per YOO | count/100 | farms/fper 100 [count/i60 no
=) 100 ol | » ol 100 ») a) m) 100 s} | =) al 100 w1l ») al 160 o1 =1 al
}""—"‘ T
ferric sulfate coaguiation {1} caystic soda softening
500 20 1,500 900 n 180 o) ()] ) <100 <10 k] 450 14 6,500 S0 afl 320 19
1,700 35 1,340 S60 k) 520 ntl ntl ] <§ <2 <t 10 2 700 atl nl 12 20
1,200 150 3,900 490 8 7130 (31} nil H k. oll 40 il atl 80 il nil nfl 20
3,400 50 2,460 290 4 226 [33] n nil 10 [1)] 220 <$ 2 100 [} nil 250 2)
1,000 4% 2,400 290 [ 10 ntl 1 (1] 40 4 25 <8 <2 of) 1 of) nil 2]
3,600 5.400 550 54 ail il 10 4 630 900 220 1,200 22
2,600 45 10 210 2 n 230 2 60 118 6 1,380 860 90 2,500 ni} nil ni) 2
4,400 360 2,500 480 2 320 (1)) ni) 31 2,400 92 (3] 80 2 6,800 250 15 el F:)
340 10 1,300 49 3 218 1 nfl atl 26 [33] 8 120 18 >5,000 220 8 »5,0600 23
10 4 BO 80 1 49 i} ni) 7 250 i) 840 240 ] 350 af) at} 2 24
820 60 60 4 58 otl ()] z 20 ai} 21 80 2 100 1 all 126 24
2,300 156 850 284 b6 240 (3] ntl (3] 225 10 130 860 20 660 37 6 156 25
2,400 90 >5,000 550 M 580 nfl af} &8 750 44 1,500 1,400 a2 1,200 100 1] 2806 25
2,300 20 2,800 130 8 370 (3] (1] 3 210 12 1,900 220 14 1,700 9 3 210 26
100 8 610 L] 2 %0 afl a1l 2 396 2 2,260 20 | of) 1,160 atl L3 150 2
ferric sulfate coagulatton (2) prechlorination

460 8 360 10 nil ol " 9 7 all 19 [31] N
220 ni) 190 120 nit 10 [1]] 13} ni} [33] [3]] ail 9 al) 100 4 nil n 32
1,940 24 920 1,080 20 850 L1 ntl nt! 12 8 280 1 ni) >5,000 all) ofl 29 R’
0 20 5 ni} all nl) all ntl 11} 3 ol 3,000 il ntl ol 3
2,600 130 6.000 1,3% 46 <10 |>500 21 850 oil nt} afl 1 af) >5,000 kX
1,240 24 440 L1)] 3 all ()] nit 1 (3] ofl 6 aft 8,600 [3)) (Y]] ni) ko)
2,500 24 540 180 89 ] 98 ? af) <10 all (3] >2,000 3 atl >2,000 k)
£80 240 3,200 560 30 1,000 35 12 800 all afl 9 10 6 6,000 o) nil) 8 35
2,400 124 4,000 10 ntl 360 (1)) ni} 2 nl) afl ni} 4 [3}] 8,500 ) at) 1,600 3
1,600 120 400 1o 16 600 1] 2 ail nl af) 9 ) >1,200 500 ofl >1,200 35
1,200 4@ 370 48 2 68 ntl ) ni) nil nil af) 4 (3] >3,000 4 oll >3,000 k)
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nated and ammoniated) over the 5-year period 1968 to 1972. 1In 71% of the
cases, the GAC effluents showed higher plate counts than did the sand fil-
trates, and in 42% of the samples the GAC effluent count exceeded that of
the sand filtrate by a factor of 10 or more. Rechlorination and ammoniation
to a level of 0.45 mg/1 of chloramine, did not restore the bacterial counts
of the GAC effluents to the levels of the sand filtrates.
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Figure 50. Histogram of agar plate counts, 3 days at 22°C.

(Ford, 1973)

The Water Research Association (England) examined samples of Foxcote
water and tentatively identified the predominant microorganisms in the GAC
filtrates as chlorine-forming Flavo bacteria, along with some spore-forming
bacteria. Their work also demonstrated that three days incubation is too
short a period of time for the development of easily visible colonies of
these bacteria, and that much higher counts were obtained after 7 days
incubation. Using 7 day incubation times, bacterial counts obtained with
sand filtrates remained very low.

The occurrence of biological activity in the GAC adsorbers and their
effluents in spite of approximately 0.5 mg/1 free chlorine residuals in the
influent waters thus was amply demonstrated.

Ford {1973) also noted that "animal infestation problems have occurred
when (activated) carbon units have been taken out of service and left stan-
ding". Apart from this animal infestation tendency to occur in idle filters,
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Nais worms were found on on!y'one occasion in the“FoXcof; dctivated Earbon
effluents. These were eradicated by addition of NaOC1 to the backwash water
to give a chlorine residual of 5 mg/1.

Richard (1973) reported on treatrment studies of Sefne River water at
the Vigneux plant upstream of Paris, France. At this 1,500 cu m/hr (36,C00
cu m/day; 9.5 mgd) treatment plant comparative tests were conducted using
pgwdered‘qnd granular activated carbons. The Vigneux plant process at the
time consw§ted of microstraining, clarification ?with powdered activated
carboq), filtration, breakpoint chlorination (with 6 to 8 mg/1 of gaseous
chlorine), coagulation (alum) and flocculation (activated silica). At the
time of the reported study, 10 to 20 mg/1 of powdered activated carbon was
being injected upstream of the clarifiers. Chlorine dioxide (0.15 to 0.25
mg/1) was injected upstream of the reservoirs.

Three test processes were studied by Richard (1973):
1) clarification with powdered activated carbon, sand filtration;
2) clarification without powdered activated carbon, 3AC filtration;

3) clarification without powdered activated carbon, sand filtration,
GAC adsorption.

After 250 days of operation, a mon{tor was installed which controlled
the breakpoint chlorination step to a free residual chlorine level of 0.25
to 0.40 mg/1 from that point on, Under these conditions the pretreated
plant water gave negative coliforn (24 hours at 37°C) and E. coli counts.

Treatment without either powdered or granular activated carbon produced
waters having very low plate counts. However, addition of powdered activated
carbon to the clarifier produced filtered water showing less than 10 colonies/-
ml during cold weather and 10 to 100 counts/ml during summer. Passage
through granular activated carbon, acting either as & filter or as an adsor-
ber, gave colony counts of about the same order, although slightly higher.
Final sterilization with chlorine dioxide (0.15 to 0.25 mg/1 dosages) produced
waters having zero plate counts/ml.

K811e & Sontheimer (1973) discussed experiences with activated carbon
in West Germany and specifically reviewed the role of biology in water
pretreatment. They proposed that the action of microorganisms in granular
activated carbon media 1s integrally connected with the enrichment of organic
substances (by adsorption) which can result in improvement of substrate
utilization by the bacteria. As waters containing organic materials pass
through granular activated carbon columns or beds, some erganics are adsorbed
physically and/or are incorporated into the biomass and/or are oxidized to
carbon dioxide. In addition, products and intermediates of biological
assimilation had been observed (Koppe & Giebler, 1966) in the effluents from

activated carbon media.

K811e & Sontheimer suggested several experimental approaches to obtain
more detailed information on the operable physical and biochemical processes
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occurring in activated carbon filters and adsorbers. These media can be
operated and their efficiencies in eliminating organic materials from solution
can be studied after exhaustion of their theoretical adsorption capacities.
However, in operational water treatment plants, steady state conditions are
difficult to establish, even over long operating periods, because compositions
of raw waters being treated usually vary from day to day. Organic compounds
which are rapidly adsorbed and tightly bound to the activated carbon surface
will displace previously adsorbed organic compounds which are not as tightly
held by the activated carbon surface.

A second approach is to follow, simultaneously, both the decrease in
dissolved oxygen consumption and increase in carbon dioxide produced during
passage of water through the activated carbon medium, comparing data measured
in both the influents and effluents. The activated carbon filter or adsorber
also can be used as a "bioassay bottle" by recycling effluent to become
influent and following the changes in [O consumption and CJ2 production.
Studies of this type were being conducted at the Auf-dem-Werder plant in
Bremen, Federal Republic of Germany. Oxygen consumption upon passage through
activated carbon rose to 7 mg/1 during summer and dropped to 2 mg/1 during
winter, showing that surface water temperature variations affect biological
activities significantly (Eberhardt, Madsen & Sontheimer, 1974).

Another factor complicating such studies is the kind of pretreatrent
applied before activated carbon treatment. K8lle & Sontheimer (1973)
state, "There is practically no waterworks without pretreatment -- rostly
using oxidation by ozone". Some laboratory tests have shown that it is
desireable to add a flocculation step between oxidation (with ozone) and
activated carbon filters or adsorbers, especially with respect to removing
Uv-absorbing organic substances (K01le & Sontheimer, 1973).

Summary of European Studies in 1973

The status of published European knowledge of microbiological activity
in activated carbon filters and adsorbers used in drinking water treatment
as of 1973 can be su~marized as follows:

1, Bacterial growths in activated carbon were known to occur in plant
scale media to a significant extent, even when influent waters contained
as hig? as 0.5 mg/1 of free residual chlorine (after breakpoint chlori-
nation).

2) Biological activity develops rapidly with fresh carbon charges. GAC
units used for taste and odor control over a 1-year period developed
maxima of 10,000 colony counts (22°C)/ml in the effluents in about 8
weeks. Juring this time the 3AC influent waters contained zero colony
counts/ml.

3) Prechlorination or presoftening of influent waters had been observed to

increase the amount of biological growth in the GAC media in some
cases.
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4) Effluents from biologically active GAC media contain a much greater
number of colonies than do effluents from slow sand filtrates.

5) Treatment of effluents from biologically active carbon media with
chlorine or (0.15 to 0.25 mg/1 dosage) chlorine dioxide lowered colony
counts/m] to acceptable local biological standards.

6) Speciation studies of microorganisms in effluents from biologically
active carbon media had shown the presence of chiorine-resistant
flavobacteria (from waters which had been treated by breakpoint chlorina-
tion) along with some spore-forming bacteria.

7)  Indications were that two and three day incubation periods were insuffi-
cient, even at 37°C, for development of easily visible colonies, and
that 7 days of incubation gave rmuch higher counts.

8) Animal infestation had been observed in activated carbon units which
had been taken out of service and left starding for two days.

9) Bacterial activity was higher in the summer than in winter.

10) Products and intermediates from biological assimilation had been
observed in effluents from activated carbon nedia.

CURRENT EUROPEAN MICROBIOLOGICAL STUDIES

At present, there are only two European groups known to have published
results of continuing research into the microbiological aspects of activated
carbon systems with respect to treatment of drinking water. These studies
are being conducted at the KiWA (The Netherlands) by Dr. D. Van der Kooij
and at the University of Saarlands (Federal Republic of Germany) by Professor
Dr. R. Schweisfurth and his students. A third research program on this
subject has been established recently at the Engler-Bunte Institut der
Universitdt Karlsruhe during 1979.

Research Studies At The KIWA

Microbiological studies at the KIWA were published by Van der Kooij in
1975 and 1978. Additional unpublished information was provided by Dr. Van
der Kooij in a personal interview during Cune 1978. These two published
articies will be reviewed in this subsection and the discussion will be
supplemented by the private communications supplied during June, 1978.

In work presented in 1975, Van der Kooij conducted side-by-side experi-
ments with Norit ROW 0.8 Supra (the 0.8 refers to the particle size in
millimeters) granular activated carbon (GAC), the same granular carbon but
not activated (GNAC) and sand (0.85 to 1.C0 mm particle size). Test columns
containing each of these materials were fed with non-chlorinated tap water
(13 to 17°C) at the rate 3.5 m/hr (3 minutes apparent contact times) over a
period of 10 months. Colony counts in the columns were deternined at inter-
vals on diluted nutrient agar (0.36 g/1 beef extract, 0.65 g/1 peptone, 10
G/1 agar) after 10 days of incubation at 25°C. The bacteria were removed
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from the sand, GNAC and GAC by subjecting the samples to ultrasonic energy.
The numbers of bacteria found on the filtering materials were expressed as
numbers/ml of filter volume and are shown in Figure 51,

This figure shows that the numbers of bacteria found on the activated
carbon were always about 10 times higher than the numbers on the non-activated
carbon and on sand. Using more refined measurements, Dr. Van der Kooij
(1978a) showed that the numbers of bacteria on activated carbon were only 2
to 3 times higher than on the other two media.
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Figure 51. Bacterial numbers on GAC, granular
non-activated carbon and sand, each
fed with non chlorinated tap water.

(van der Koolj, 1975)

In a second experiment, samples of used 3AC and GNAC (ROW 0.8 Supra)
were taken from adsorbers fed with prefiltered river water for a period of
one year. Wet carbon sanples (150 m1) were treated with 50 ml of non-
chlorinated tap water and aerated at 25°C. The numbers of coliforms,
pseudomonads and actinomycetes proliferating in these carbons were determined
weekly. The total numbers of viable bacteria were estimated by colony
counts on diluted nutrient agar and expressed per cu m of filter volume.
Oxygen consumption was expressed in mg of 02/1 of filter volume/hr. Results
are plotted in Figures 52 and 53. Table 36 shows the times to attain 50%
reductions in the levels of bacteria present in the activated and non-
activated carbons (5C% reduction times).

Van der Kooij (1975) estimated that since the hypothetical cylindrical

surface area of granular activated carbon is about 40 sq cm/cu cm of GAC
present, when the colony count is 10°/cu cm, then a singie bacterium occupies,
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on the average, 40 sq microns of this available surface area. Since the
available surface area of GAC is much higher than 40 sq cm/cu cm, it was
concluded that there is only a low density of bacteria occupying the surface
of the activated carbon, even allowing for the fact that colony count techni-
ques measure only a portion of the bacteria present. Scanning electron
microscope measurements made at the KIWA confirmed this conclusion, as did
similar studies by Weber, Pirbazari & Melson (1978) on GAC samples contacted
with chemically coagulated and settled sewage.

~
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Figure 52, Numbers of pseudomonads (#0) and
colitorms (25) on GAC ROW 0.8 supra (ca)
and on non-activated carbon ROW 0.8
(02) during aeration at 25°C.

(van der Koolj, 1975)

TABLE 36, 50% REDUCTION TIME (DAYS) OF DIFFERENT GROUPS OF BACTERIA ON
ROW 0.8 SUPRA GAC AND ROW 0.8 GNAC

Type of Bacteria ROW 0.8 ROW 0.8
Supra not act.

Colony Forming Units

{25°C, 10 days) 9 8.5
Coliforms 3 3.5
Pseudomonads 4.5 4.0
Actinomycetes >50 >50

Source: VYan der Kooij, 1975.
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Based on these mreasurements, Van der Kooij (1975) concluded that
adsorption processes operative in granular activated carbon are not hindered
by the presence of bacterial growths on the activated carbon.

Figure 51 also shows that the number of bacteria on GAC samples decreased
after reaching a maximum value. Van der Koofj (1975) concluded that this
decrease is not caused by exhaustion of the adsorptive capacity of the 3AC,
since the same relative decrease also was noted with 3NAC and sand. Van der
Kooij points out that the decline also might be explained by a shift in the
types of bacterial flora originally present to types of bacteria which do
not participate in colony counts.
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Figure 53. Numbers of bacteria and actinomycetes on
GAC and GNAC,; Og consumption with GAC
and GNAC,

(van der Koolj, 1975)
Figure 52 shows that the numbers of both coliforms and pseudomonads, as

well as the total colony forming bacteria, decreased rapidly on the GAC and
GNAC. In 60 days the counts of pseudomonas bacteria dropped from 10,C00 to
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10/cu cn of filter volume and coliforms dropped to 10/cu cm in 23 days from
100 to 1,000.

On the other hand, the numbers of actinomycetes and the oxygen consump-
tion rates did not show clear decreases during 60 days. Therefore, from the
data of Figure 52 and of Table 36, it can be seen that the coliforms disappear
faster than do other bacteria. Since there is hardly any difference in the
50% reduction times for the selected bacteria on GAC versus GNAC, Van der
Kooij (1975) concluded that neither coliforms nor pseudomonas nor total
colony-forming bacteria gained any advantage from the organic substances
which were present on the activated carbon which had been in contact with
river water for the one-year period.

The oxygen consumption rate during passage through either GAC or GNAC
did not decrease with decreasing colony counts, nor did the number of actino-
mycetes (Figure 53). Van der Kooij (1975) therefore suggested that it is
possible that the oxygen consumption values observed with both carbons were
caused by chemical rather than bacterial processes. He also suggested that
the relatively constant numbers of actinomycetes bacteria observed over the
60 day period might have been due to their ability to fragment into smaller
organisms (to produce spores).

Curing June, 1978, Dr. Van der Kooij supplied the following additional
information regarding his studies of biologically active filtration and
adsorber media:

1}  For sampling of filtration of adsorption media, 1 g samples of wet
medium are taken into sterile, non-chlorinated tap water, then subjected
to ultrasonics for 2 to 3 minutes. The supernatant 1iquid then is
treated by normal dilution and plate counting. When water was added to
the 1 g activated carbon sarple treated once by ultrasonics and the
ultrasonic exposure repeated, more bacteria were found in the second
supernatant. The process was repeated 10 times on the same 1 g sample
of activated carbon. About 40% of the total bacteria determined were
found in the first supernatant, 20% in the second, 10% in each of the
third and fourth extracts, etc. Even after the tenth ultrasonic treat-
ment of the original 1 g sample, significant bacterial counts were
being obtained. This indicates that bacteria are very tightly held by
the activated carbon.

2) Samples from operational water treatment plant granular activated
carbon filters or adsorbers were taken in 10 to 20 g quantities and at
various depths.

3) A bioassay *est for biologically assimilable organic carbon in raw
waters has been developed by the KIWA at one of the large Jutch water
treatment plants using river water, Pseudomonads were cultured in raw
river water at 15°C and their rate of growth was determined. Next the
river water was ozonized, then seeded with the same pseudomonad culture
and their rate of growth again measured. The growth rate was found to
be higher after ozonation than in the raw river water. Such a test
again shows that ozonation converts some of the dissolved organics
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present (which are not easily biodegraded) into organics which are more
readily biodegradable. In addition, this procedure might be considered
as a screening test at U.S. water treatment plants to determine whether
detailed evaluation of an early stage biological processing step would

be worthwhile. If no increase in biodegradability is observed after

ozonation, then preoxidation of any sort will be ineffective in this regard.

4) Fresh samples of GAC have shown reasureable levels of oxygen consump-
tion before measureable levels of bacterial activity have built up in
the medium. Therefore, GAC seems to cause some degree of surface
catalyzed oxidation of dissolved organic substrates.

5) E. coli bacteria taken into a biologically active granular activated
carbon filter or adsorber cannot survive in competition with the other
species of microorganisms present. Therefore, in a properly sized and
operated biologically active filter/adsorber medium, no E. coli bacteria

are found in the filtrates. This is confirmed by long term experiences
in Europe with slow sand filters.

In a paper presented in 1978(b), Yan der Kooij reported continued
studies of the microbiological processes occurring in granular carbon
samples. In introducing the subject, Van der Kooij reported that "some
investigators have concluded that an increased contact time between organisms
and adsorbed organic substrates is allowing the microorganisms to adapt to
the less readily biodegradable organic substances", thus allowing these
harder-to-decompose organic compounds to be degraded during "biological
regeneration” of the activated carbon adsorption sites.

In this more recent work, 6 cm diameter columns were filled with Norit
ROW 0.3 Supra activated carbon (GAC), the same carbon but not activated
(GNAC) and 0.8 to 1.0 mm sand. Again in side-by-side tests, *he columns
were treated with non-chlorinated tap water (14 to 18°C) containing an
average of 3 mg/1 of dissolved organic carbon at 3.5 m/hr filtration rates
(3 minute apparent contact time) for a period of one year. Numbers of
colony-forming units/ml were estimated by the surface spread technique on 8-
fold diluted Lab-Lemco broth (Oxford CM 15) agar plates. Samples were
exposed to ultrasonic energy for 3 minutes to detach the microorganisms,
then samples were incubated for 10 days at 25°C. Removal of organic substan-
ces from solution was followed by measuring the ultraviolet absorption at
275 nm in 5 cm cuvettes.

Figure 54 shows the colony counts on the filter materials and in their
filtrates measured over the one year period. Maximum values were attained
in a1l three media during the first 20 to 30 days. After these maxima were
reached, the adsorber effluents showed counts of 1,0C0 to 10,0C00/ml1. Ultra-
violet absorption measurements showed that immediate breakthrough of organic
materials occurred with the GNAC and sand media. The GAC medium reached 80%
of breakthrough in 30 days and 90% of breakthrough in SC days, with respect
to dissolved organic materials.

Figure 55 comparaes colony counts found on the three filter materials,
which usually were higher on the GAC medium and reached a maximum of 7 x 10
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cfu/ml. Colony counts on GNAC and sand were similar to each other. Figure
56 shows that the cfu/ml numbers found in all three effluents were about the
same.

Van der Kooij (1978b) concluded that adsorption of organic materials by
activated carbon therefore is not the cause of the high colony counts usually
observed in the GAC filter/adsorbers. 7This was confirmed by noting that the
majority of microorganisms isolated from the GAC were able to grow only on
simple, non-adsorbing compounds 1ike acetate, pyruvate and ‘actate, whereas
adsorbing substances such as aromatic compounds (which are measured by
ultraviolet absorption) were not utilized.

CH3C00' CH3C0COO' CH3CH(OH)CCO'
acetate pyruvate lactate

Effluents from the slow sand filters (which are known to remove bacteria)
at the water treatment plant at the Hague (0.3 m/hr flow rate) were studied.
Bacterial contents in these slow sand filters were 20,000 to 30,C00 cfu/mi,
but were less than 100 cfu/ml in the filtrates. Similar observations had
been made earlier by Schmidt (1963). Comparing these slow sand filtrate
counts with those of the side-by-side experiments (Figures 55 and £6) sugges-
ted that there was a relationship between flow rates and the numrber of
microorganisms in *he sand and in the filtrates. Therefore, colony counts
in the GAC (Norit PKST) present on the slow sand filters of the Hague (probab-
1y a thin layer on top of the sand) were estimated in samples taken from 8
of the operational plant filters (Figure 57).

Comparison of the data of Figure 55 with those of Figure 57 shows that
colony counts in samples of 3AC taken from the top of the slow sand filters
were 1 to 2 orders of magnitude lower than those observed in the experimental
GAC filters supplied with non-chlorinated tap water. This confirmed the
conclusion that flow rate through a filter bed strongly affects colony count
levels in the filter materials.

Since the colony counts in 3AC media usually were greater than those in
GNAC and in sand, even though colony counts in the filtrates did not differ,
Van der Kooij (1979) concluded that this behavior probably was due to the
relatively large surface area/unit volume of GAC upon which microorganisms
utilizing substrate from the passing water can attach. Therefore, Van der
Kooij (1979) concluded that granular activated carbon is a favorable material
for biological filtration processes.

Effects of microorganisms on adsorption of organics by GAC--

Some laboratory experiments next were conducted by Van der Kooij (1979)
to determine the influence of bacterial cells attached to GAC on the adsorp-
tion of 4-nitrophenol (a readily adsorbed but difficult to biodegrade organic
compound) and 4-hydroxybenzoate anion (a readily adsorbed and readily biode-
gradable organic compound) by Norit ROW 3.8 Supra granular activated carbon.
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Adsorption isotherms and rates of adsorption of these compounds were deter-
mined with growths of the bacteria Pseudomonas fluorescens (Strain 17) or
Pseudomonas alcaligenes (Strain 131) being present on the GAC.
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Figure 57, Colony counts In Norit PKST GAC
in 8 slow sand filters at Den Hague,

(van der Kooij, 1978)

train 17 was found to grow on 4-hydroxybenzoate but not on 4-nitro-
phenol, whereas Strain 131 could not use efther of the two organic substrates.
For these studies, sarples of GAC (0.1 g) were sterilized in bottles contain-
ing 200 ml1 of demineralized water with KH$P04 (2.7 mg/1), KyHPO4.3H20 (5.3

mg/1) and NapHPO4.12H20 (8.0 mg/1). The final pH after sterilization was
7.3.
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'To cultivate bacteria on the GAC, ammonium acetate was added to the
sterilized solution to a final concentration of 10 mg/1 of acetate carbon.
Bott]gs were inoculated with either Strain 17 or 131 and incubated 3 days at
25°C in a rotary shaker (120 revolutions/minute). The bacteria developed to
a maximum level of 4 x 107 cfu/ml of medium and the GAC contained about 2 X
108 cfu/ml (6 x 108 cfu/g) of GAC.

Under these conditions, either 4-nitrophenol or 4-~hydroxybenzoate was
added from sterilized solutions in final concentrations of 100, 50, 25 and
10 mg/1. These compounds also were added to bottles containing sterilized
GAC without bacteria. The bottles were placed in a rotary incubator at 25°C
and the concentrations of 4-hydroxyphenol and 4-hydroxybenzoate were measured
by UV absorption at 254 and 269 nm, respectively in 5 ml of membrane filtered
samples after 24, 48 and 144 hours of incubation. Ultraviolet absorption
was measured every hour during the first 8 hours after addition in bottles
containing an initial adsorbate (phenol or benzoate) concentration of 100
mg/1. A1l experiments were performed in duplicate.

Adsorption isotherms of 4-nitrophenol and 4-hydroxybenzoate on the
activated carbon in the presence and absence of bacteria were calculated
from measured concentrations and are presented in Figure 58. The disappear-
ance of these compounds frcm solutions initially containing 100 mg/1 of
adsorbate is shown in Figures 59 and 60. Figures 58, 59 and 60 show that
the phenol was better adsorbed by the GAC than was the hydroxybenzoate.

With both compounds, however, the adsorption equilibrium was reachecd within
48 to 144 hours.

Results shown in Figure 58 indicate that the adsorption isotherms are
not affected by the presence of bacteria. Mcreover, adsorption of the
adsorbates in the 100 ml bottles also was not affected by the presence of
bacteria on the activated carbon. The adsorption rate of 4-hydroxybenzoate
in the presence of bacteria could not be calculated because both bottles
were infected by adsorbate-consuming microorganisms, Infection also occurred
in some other bottles containing 4-hydroxybenzoate because this compound is
so easily biodegraded, compared with 4-nitrophenol.

Van der Kooij (1979) concluded the following:

1)  The number of microorganisms present on a filter/adsorber medium
depends upon the flow rate of water through the medium, and is probably
due to limited transport (diffusion) of the soluble substrate to the

microorganisms.

2) Adsorption of organic compounds by GAC is not inhibited by the presence
of a large number of bacteria on activated carbon.

3) Granular activated carbon adsorbers or filters in operational drinking
water treatment plants sampled by Van der Kooij always contaiped lower
colony counts than the levels applied in the laboratory experiments
described in this paper. Therefore, in GAC adsorbers used to prepare
drinking water, hindrance of adsorption of organic compounds by micro-

organisms {s very unlikely.
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On the other hand, Van der Kooij (1979) points out that hindrance of
adsorption by microorganisms might occur when the influent water contains
relatively large amounts of easily biodegraded materials. In these situations
"extremely large numbers of microorganisms" develop on the activated carbon.
Also, adsorption may be affected by the contamination of granular activated
carbon by colloidal and suspended matter. These last two effects were not
investigated during the 1979 study of Van der Kooij.
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Research Studies at the University of Saarland

In 1972, a cooperative research program between the City of Wiesbaden
and the University of the Saarlands (Federal Republic of Germany) was begun
with the objective of studying the microbiology which was present in the GAC
adsorbers at Wiesbaden's Schierstein water treatment plant. Two doctoral
candidates at the University (P. Werner and M. Klotz) completed their Ph.D.
thesis studies in 1979 based on these studies which were directed by Prof.
Or. Reinhart Schweisfurth. These scientists have published three progress
reports of their studies, all of which will be reviewed here. In addition,
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all three investigators were interviewed in June, 1978 and provided additional
information on their studies in the form of private communications.

In work presented in 1975, Klotz, Werner & Schweisfurth reported
studies at the Schierstein water treatment plant at Wiesbaden, which had
been conducted since 1972 on plant operating granular activated carbon
columns and pilot plant columns. Initially, these investigators found that
the determination of colony numbers as recommended by the DEV (Deutsche
EinheitsVerfahren = German Standard Methods, 1962) (2 days incubation at
27°C) proved to be inadequate, because only a small portion of the microflora
present are revealed by this technique. However, all nutrient media tested
showed cansiderably increased colony numbers after breeding for 7 days, and
this incubation time was used throughout this program and those which these
investigators have reported subsequently.

The best medium for determination of microorganisms was found to be P-
Agar which contained few nutrients and SPC-Agar which was rich in nutrients
(Standard Methods, 1971). Both were incubated at 27°C for more than 7 days.
The activated carbon samples were crushed in a simple mixer and the homogeni-
zed material then was processed for the determination of colony numbers in
the sarme manner as were the water samples. The cell numbers (the total of
all living and dead bacteria) were determined by counting microscopically
after collecting on membrane filters and coloring. Apart from a few modifica-
tions (not delineated) all other tests were carried out as recormended by
the 2EV whenever possible.

The Schierstein Treatment Process--

At this plant, Rhine River water, not river sand bank filtered, is
pretreated directly before ground infiltration to augment groundwater supplies.
The treatment process involves aeration, settling, chlorination, flocculation,
rapid send filtration, activated carbon adsorption, then ground infiltration.
During the course of this study some of the plant 3AC adsorbers were operated
as long as 3 years without being reactivated. At the end of this time, 30%
of the influent dissolved organic¢c carbon still was being removed “rom solution
during passage through the GAC media.

In Figure 61 are shown the mean values of colony numbers determined at
different points in the plant for the period March 1973 to March 1974,
There was a decrease in colony numbers between the Rhine and the entrance to
the activated carbon adsorbers, the largest effect being obtained following
breakpoint chlorination. However, fresh populations of microorganisms were
formed in the activated carbon media, such that very high colony numbers
were found at the GAC media exits using the 7-day incubation method. By the
2-day incubation method normally appliied for measuring colony counts, as
recommended by the DEV for the control of drinking water, the water quality
at this point in the process generally was satisfactory.

Composition of microorganism populations in GAC effluents--Populations
were examined in freshly filled plant GAC adsorbers and in pilot plant test
columns. The test columns consisted of four successive glass tubes each
with an inside diameter of 4 ¢m and the total SAC bed depth was 3.2 m (4 x
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0.8 m), Passage of water thfgaéh each individual 0.8 m deéh column 1is
referred to as "a filter step”.
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Figure 81. Mean colony numbers at various points in
the Schierstein plant, March '73 -~March '74,

(Klotz ¢t al., 1875)

The behavior of the microorganism populations was found to be the same
in both the pilot plant test adsorbers and in the full scale plant adsorbers.
During the first 20 days the colony numbers rose linearly and reached a
maximum of 105 to 108/ml of water, Efter which they declined and remained at
a slightly lower level closer to 1C3/ml. In the early stages of the pilot
plant testing there were large differences in colony numbers between the
individual filter steps, but these disappeared after about 30 days when the
level stage (with respect to colony numbers) had been reached. Figure 62
shows the establishment of microorganism populations in the effluents from
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the pilot plant test adsorbers and Figure 63 shows similar microorganism
establishments in the test adsorbers themselves.
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Figure 62, Development of colony counts in pilot
plant GAC adsorber effluents at the
Schiersteln plant,

(Kiotz et al.,1975)

Flow rate studies were conducted in the test columns using 4, 8 and 20
m/hr water velocities. The slope of the microorganism establishment curves
(Figure 62) during the initial phase decreased with increasing velocity and
with increasing column depth. The maxima were more pronounced as the velocity
decreased. When the level stage was reached, there were only slight differen-
ces, however, the lowest colony numbers being observed at the lowest flow
rate.

Microbiological & chemical conditions in a plant operating GAC adsorber--
In Figure 64 are shown the colony numbers (1iving bacteria), cell numbers
(1iving + dead bacteria) and free residual chlorine contents plotted against
the adsorber depth (after an increasing number of filter steps). The low
levels of colony numbers measured after the first two filter steps are
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explained by the low adsorber depth and the lack of sufficient contact time
of the water passed through the SAC to destroy the free chlorine residual.
The largest increase in colony numbers took place between steps 2 and 3
(after the free chlorine residual dropped to less than 0.1 mg/1), and there
was no further increase between step 4 and the outlet.
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Figure 63. Development of colony counts in GAC of
pilot piant adsorbers at Schierstein plant.

(Klotz et al., 1975)

In the uppermost activated carbon layers the residual chlorine content
f211 below 0.1 mg/1, where it no longer had any influence on the levels of
living bacteria. Before the free chlorine concentration was lowered by the
first GAC adsorber, the level of living bacteria was low, although the total
cell numbers were high. After the chlorine content was lowered, the number
of living bacteria increased rapidly, although the total cell numbers remained
relatively constant.

Changes in dissolved oxygen and carbon dioxide contents of the water
are indicators of the amount of microbial activity, as shown in Figure 65.
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During passage through the GAC media there was an oxygen consumption of
approximately 1.5 mg/1, most of which occurred after step 2, and a concurrent

production of approximately 4.5 mg/1 of CO2, which also occurred rostly
after step 2. g

TOC, mg/l

o *,, KMnOg4

'\nm!go

e,
s,
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UV extinction at 240 nm
KMnO4 consumption, mg/!l

Figure 86. Organics content of GAC effluents
vs, adsorber depth.

(Klotz et al., 1975)

The change in organic content was followed (Figure 66) by three parare-
ters. By UV absorption at 240 nm and TOC analyses, the content of organics

decreased 55% after the fourth GAC filter step, and by about 45% as measured
by the KMnO4 consumption.

Behavior of microbial populations over a three year period--Figure 67
shows the colony counts/ml at the plant processing inlet (after aeration and
settling), at the 3AC adsorber inlet (after rapid sand filtration) and after
passage through GAC adsorbers during the 3-year period May 1972 through
August 1975. The numbers 1, 2 and 3 in this figure indicate changes in raw

water qualities which resulted in distinct changes in colony numbers at tre
points indicated.

It appears noteworthy to the current reviewers of this work that there
was an apparent breakthrough of colony counts through the GAC adsorbers
after about three years of use. This indicates that there should be a 3AC
regeneration parameter based on colony counts as well as an organic component
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parameter, at least in plants opting to install a biological activated
carbon process involving aeration and chlorination as the pretreatment
steps. No data are available on microbial breakthrough, however, with
processes using ozonation as the preoxidation step. This possibility of
bacterial breakthroughs under BAC processing conditions should be evaluated.

Klotz, Werner & Schweisfurth (1975) also reported that they had determi-
ned large differences in colony numbers, as determined by the 7-day versus
2-day incubation technique, at five other German waterworks, each of which
uses different treatment rethods and utilizes different raw water qua’ities.
They also stated that similar observations have been reported by scientists
in Switzerland and the Netherlands, without giving supporting data or citing
specific references.

Klotz, Werner & Schweisfurth (1975) also state that there seered *o be
a tendency for decreased microbial activity in the Schierstein plant GAC
adsorbers during winter, as indicated by iower oxygen consumption and C02
production data (which are not presented).

Activity of microorganism populations in the GAC adsorbers--In order to
determine the relative contribution to removal of organic materials frcm
solution by adsorption alone and by adsorption plus microbial activity,
parallel tests were conducted using two pilot plant GAC adsorber test
units. Each test unit consisted of four glass tubes connected in series
(water passed through the tubes one after the other). Each glass tube had
an inside diameter of 6 ¢m. The GAC bed depth in each glass column was 0.5
m, therefore the total GAC bed depth in each test unit was 2 m (4 x 0.5 m)
and both 4-column pilot plant test units were operated under similar condi-
tions. <ne of the test units was kept free of microorganisms by sterile
filtration for more than two menths, during which time about 15 cubic meters
of water was passed through this sterile unit before it became bacterially
contaminated. Al1 other methods of keeping the test units sterile have the
disadvantages of the presence of an additional bactericidal agent and of a
large number of dead organisms.

In order to increase the amount of biodegradable organic substances,
the inlet water was loaded with about 50 mg/1 of phenol during the second
phase of the test. This level of phenol is not toxic to the bacteria (Werner,
Klotz & Schweisfurth, 1978).

Results of these tests are listed in Tables 37 and 38. When the 3AC
adsorber inlet was unloaded (the sand filtrate), the microorganism contribu-
tion to removal of organics was very small, as far as could be measured by
UV absorption, dissolved organic carbon (DOC) and KMnO4 consumption. On the
other hand, the contribution of microorganisms to the decrease in easily
biodegradabie organics concentration was very high. This is of special
importance because it means that the regrowth of bacteria, which can occur
in distribution systems (feeding upon the easily biodegradable organics),
now can be made to occur in the waterworks itself.
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TABLE 37. PERCENTAGE OF BIOLOGICAL REMOVAL OF ORGANIC SUBSTANCES CURING
PASSAGE THROUGH GRANULAR ACTIVATED CARBON

aw wWater Parameter Sand Fiitrate Sand Filtrate Using
Phenol-loaded Influent

0C <T1.0% 6.0%

KMnOgq consumption 3.7% 3.1%

UV Absorption, 240 nm <1.0% 2.8%

Uy Absorption, 254 nm 1.2% 6.2%

BOC2 69% ---

BODg 46% ---

BOD2g 17% -

Source: Klotz, Werner & Schweisfurth, 1975

TABLE 38. MICROBIOLOGICAL SHARE OF OXYGEN CONSUMPTION AND CO, PRODUCTION
DURING PASSAGE THRCUGH GRANULAR ACTIVATED CARBON

Waw Water rarameter Tard Filtrate Phenol-1oaded sand Filtrate
Oxygen Consurption 58% 68%
Carbon Dioxide Production 61% 64%

Source: Klotz, Werner & Schweisfurth, 1975

When the GAC adsorber inlet contained 50 mg/1 of phenol, the activity
of the microorganisms was slightly higher in the GAC media. It must be
remerbered, however, that the adsorption capacity of GAC for phenol is very
high,

Electron~-scan microscopic examination of GAC adsorber granules--During
passage of water through GAC adsorbers, the concentration of microorganisms
increases from about 10 colonies/ml to about 100,000/ml. Since the doubling
period (under optimum conditions in the laboratory) for bacteria is about 20
minutes, this led to the conclusion that the increase in numbers of microor-
ganisms actually measured has to emanate from the bacteria already present
on the activated carbon. This is because the water remained in contact with
the GAC for a short time only, which was insufficient to allow for the
increases in colony numbers/ml actually measured.

Tests showed that there were colony numbers of up to 108/9 of wet
material on the activated carbon. The actual cell number, obtained by
counting cells, could exceed these numbers by almost 100%.

A variety of electron-scan microscopic tests of activated carbon
samples treated differently showed the same general distribution of the
microorganisms on 3AC adsorber granules. As a rule, the microorganisms were
found to be sparsely scattered, and were always in the form of a single
bacterial layer. The activated carbon surface area available (up to a pore
diameter of 1 micron) was only fractionally utilized (about 1%). This was
shown to be the case even when the activated carbon had been in contact with
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a nutrient solution for some time. These findings tend to confirm those of
Van der Kooij (1975), who found that only a single bacterium was present, on
the average, for each 40 sq microns of available surface area.

Adsorption of microorganisms onto activated carbon--Tests to determine
the degrees of adsorption of microorganisms on activated carbon were conducted
using starved and washed bacteria (mixed populations) in nitrogen-free
environrents. Figure 68 shows an adsorption isotherm of bacteria lcaded on
activated carbon as a fun8tion of the adsorptive concentration. At high
colony numbers (akove 1010) the system tended tsward saturation. At colony
numbers of 107, 90% of the bacteria were adsorbed.

loading (colony nos/g GAC)

108 107 108 109 1010 1011 1012

adsorptive concentration
(colony numbers/200 mi buffer),

100

-~
[

toading (%)
o

25

.
105 107 108 109 10101011 1012

adsorptive concentration
(colony numbers/200 m! buffer),

Flgure 68. Microbiological loading of GAC~-
dependence on adsorptive capacity.

(Kiotz,Werner & Schwelisturth, 1975)
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Study of the influence of time on bacterial adsorption proved to be
difficult, since 1t was impossible to avoid bacterial increase followed by
bacterial extinction processes over extended periods of time (Figure 69).
After an incubation period of 20 to 30 hours, adsorption and desorption of
bacteria were nearing a steady state equilibrium condition. With increasing
ion concentration (phosphate buffer at pH 7.2) the bacterial Toading of the
activated carbon increased as shown in Figure 70. No dependence of adsorption
on temperature in the range of 5° to 37°C nor of pH over the range 5 to 8
was noted. Dead bacteria were found to be s1ightly better adsorbed by
activated carbon than were 1living bacteria.

50

o colony numbers
® ceil numbers

GAC loading; %

time; hrs.

Figure 69. Dependence of microorganism loading
of GAC with time.

(Klotz et al,1975)

In a later report of continuing work at the Schierstein plant, Klotz,
Werner & Schweisfurth (1976) pointed out that their technique for removing
bacteria adhering to activated carbon samples was to mix them with water
using a simple, domestic blendor (Braun MX 32) set at exactly the same
rotational speed and for the same lengths of time for each sample. Both low
nutrient P-agar (Wolters & Schwarz, 1956) and high nutrient SPC-agar gave
the optimum numbers of colonies after 7 days of incubation at 27°C. Loweg
colony numbers were found using meat extract agar incubated at 27° and 37
as well as using gelatin incubated at 22°C (see German Unit Standards for
Water, Wastewater and Mud Testing, 3rd Editfon, 1960).
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Colony numbers were measured using these three nutrient media at the
outlet of the Schierstein plant SAC adsorbers for nearly one year (Figure
71). The colony counts/ml of the GAC adsorber influent were about 100/m1,
but the effluents contained 1,000 to 190,000/m1, depending upon the season
of the year (temperature) and upon changes in raw water quality.

When the full-scale pilot plant GAC adsorbers were used for the first
time with new charges of GAC, colony numbers increased both in the adsorbers
and in the new GAC effluents, even though the adsorber influent waters
contained, as a rule, 0.5 to 1.0 mg/] of free residual chlorine, and sgmet1mes
contained even 4 mg/1 (see Figure 72). The maximum colony numbers (10° to
10%/m1 of water in the effluents) were attained within 10 to 20 days after
placing the GAC in service.

Different numbers of colonies were found at various GAC column depths,
depending upon the length of time the particular carbon adsorber had been in
service. This behavior was explained on the basis of free residual chlorine
content. In the first of four pilot plant test columns connected in series,
low colony numbers and greater than 0.1 mg/1 concentrations of free residual
chlorine were found. However a significant decrease in residual chlorine

191



and an increase in bacterial numbers were measured after stage 2, which then
remained constant after stages 3 and 4. Samples of spent GAC from the plant
adsorbers were found to contain about 108 bacteria/g of wet weight carbon.

colony numbers/ml water

Figure 71. Fluctuation of colony numbers in GAC
adsorber effluents at Schierstein plant
during 1 year.

(Klotz et al, 1976)

Increasing the length of the adsorber columns (by connecting two or
more in series) did not increase the number of colonies measured in adsorber
effluents.

Short time reductions in the number of colonies present in the GAC
adsorber effluents were brought about by backwashing using water from the
adsorber outlets. The backwash water showed an increase in colony numbers
after being used for backwashing (Figure 73), and these increases could
result only from a lowering of the counts in the act{vated carbon adsorption
media. This weans that some of the bacteria were washed out of the activated
carbon columns. However, the magnitude of the colony count lowering upon
backwashing was not significant, in terms of decreasing the biochemical
degradation efficiency for removing dissolved organics. Figure 73 shows
that the numbers of colonies/ml in the activated cardon adsorber effluents
at the steady state (before backwashing) was 5 to 8 x 104, This level rose
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above 105 just before backwashing and dropped to 103 to 104 just after
backwashing. However, the steady state level of colony counts/ml was reat-
tained after passage of 1,000 to 1,500 cubic meters (0.25 to 0.4 million
gallons) of water. This required about 2 days.
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Figure 72, Development of microbiological activity
in full scale adsorber with new GAC at
Schierstein plant.

(Kiotz et al.,19786)

In a1l investigations conducted by Klotz, Werner & Schweisfurth (1976)
none of the effluents from any of the biologically operating activated
carbon adsorbers showed the presence of any fecal indicators. Filamentous
fungi and yeasts occurred randomly, but rarely in all investigations. Yeast
numbers were lower than those of filamentous fungi. No substantial differen-
ces were found in comparing waters from the Wiesbaden (Schierstein) plant
with those of the Frankfurt (Niederrad) Waterworks. Both of these plants
are located near each other in the southern part of the Federal Republic of
Germany. Schierstein draws water directly from the River Rhine and Frankfurt
draws water from the River Main. It is important to recognize, however,
that the quality of the River Rhine is much better than that of the River

Main (Werner, 1979).
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(Kiotz et al,1976)

In all test results reported using the Schierstein plant GAC adsorbers,
Klotz, Werner & Schweisfurth (1976) found correlations between microbio-

logical and chemical/physical data only with respect to chlorine content and
temperature.

In pilot plant tests conducted at the Schierstein plant, Klotz, Werner
& Schweisfurth (1976) employed four identical glass tubes (4 cm diameter,
1.2 m in length) and connected in series, then filled with 80 cm of the same
granular activated carbon used to charge fresh GAC into the full-scale
Schierstein plant. This amount of GAC corresponded to a wet weight of about
1 kg. The adsorbers then were filled with chlorinated sand filtrate water
from the main plant.

Flow velocities of water through the (fresh, GAC adsorbers (4, 8 and 20

m/hr) were found to influence the development of microbiological activities.
The higher the velocity the more slowly the maximum values of colony counts/ml
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were reached in the filtrates (Figure 74). The maxima were highest for the
slowest flow rate (4 m/hr) and they were attained faster at the slow flow
rate. On the other hand, at the highest flow rate (20 m/hr), higher colony
counts/g of GAC eventually resulted (Figure 75). Therefore, more bacteria
were formed per unit time at such flow rates, which resulted in higher
amounts of microbiological activity.

L
m/hr

water

coiony numbers/mi

Figure 74, Development of colony numbers in effiuents
of new GAC pilot plant adsorbers as a
function of flow rate at Schierstein plant,

(Klotz et al.,1976)

On the other hand, at slow flow rates, media conditions were created
which had a favorable effect on the reproduction of filamentous fungi.
Yeasts were found infrequently. Backwashing resulted in Towering the
colony numbers in the adsorber effluents for a short period of time, and
this effect was most pronounced for the adsorber group having the slowest
throughput flow rate.

Similar behaviors with respect to bacterial growth rates in new batches
of granular activated carbon were observed with LWS, ROW, ROW Supra and
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F-100 carbons (Figure 76). LWS Carbon showed éBout one-half an order of

magnitude lower colony counts/ml in the adsorber outlets than did the other
three activated carbons tested.

colony numbers/g GAC

Figure 75. Development of colony numbers in new
GAC charges in Schierstein pilot plant
adsorbers as a function of flow rate.

(Klotz et al, 1976)

This work of Klotz, Werner & Schweisfurth (1976) confirmed that data
obtained using the pilot plant test units could be related directly to data
obtained using the full scale plant GAC adsorbers, with respect to colony
numbers and the trends noted in these numbers with time.

Werner, Klotz & Schweisfurth (1979) presented additional data to
substantiate their earlier conclusions regarding the extent of microbio-
Togical activity in the Schierstein (Wiesbaden) water treatment works
granular activated carbon adsorbers. Raw water before chlorination generally
contained 2 x 105 colony counts/ml and these decreased to about 1,000/mi
before entering the activated carbon adsorbers. With high level prechlorina-
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tion, almost all the bacteria originally present were kilied and the GAC
adsorber inlet waters contained very few colony counts.

In the activated carbon adsorbers the number of bacteria again increased
to values around 7 x 104/ml. The activated carbon media were shown to
contain about 1,000 times more bacteria per unit volume than did the carbon
adsorber effluents.

The nunber of living cells was determined by enzymatic methods, rather
than by culture methods, and the total number of cells (1iving plus dead
bacteria) was determined microscopically by counting them after membrane
filtration. Colony count determinations measured up to 20% of all living
bacteria and up to 5% of the total (living + dead) cells.

Through a population comparison made by nurerical taxonomy methods and
comparison of the morphological and biochemical qualities of the bacterial
strains identified as being present in the activated carben ~edia (using a
computer program), it was found that:

1) The ability of the bacteria to adapt in the activated carbon adsorbers
was less marked than their ability to adapt in raw water.

2) Trere was a higher percentage of pseudomonas bacteria present in the
carbon adsorbers than in the raw water,

3) Bacterial populations can be differentiated clearly by the use of
substrate, and especially by their reactions to toxic substances.

Based on these findings, Wevrner, Kiotz & Schweisfurth (1979) concluded
that a special microorganism population forms in the activated carbon
adsorbers (at least those in use at the Schierstain water treatment plant).

:dentification of microorganism populations--To date, 26 species of 11
genera of microorganisms have been isolated from the Schierstein plant GAC
adsorber effluents by the University of Saarland scientists (Werner, Klotz &
Schweisfurth, 1979), and these are listed in Table 38A. Most of the microorga-
nisms present belong to the genera Pseudomonas. The families Bacillus and
Azomonas also are represented to a considerable extent. These bacteria
found to date are non-pathogenic in nature, and are generally found in
water.

Table 39 lists the filamentous fungi and yeasts found in the effluents
from the biologically-loaded granular activated carbon adsorbers of the
Schierstein water treatment plant. These filamentous fungi and yeasts
occurred rarely and irreqularly in the effluents, hence their role in water
treatment is considered by Werner, Klotz & Schweisfurth (1979) to be of
secondary importance. The fungi identified to date all are apathogenic.

Performance of the bacteria--Activated carbon adsorbs dissoived organic
substances, wnich can act as substrate for bacteria, but also adsorbs
bacteria. Figure 77 shows the Freundlich adsorption isotherms for the
adsorption of bacteria onto activated carbon.
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TABLE 38A. BACTERIAL SPECIES FOUND IN EFFLUENTS OF GRANULAR ACTIVATED
CARBON ADSORBERS AT THE SCHIERSTEIN (FRG) PLANT

Pseudomonas alcaligenes Chromobacterium violaceum
Pseudomonas cepacia Neisseria sicca

Pseudomonas facilis Acinetobacter calcoaceticum
Pseudomonas fluorescens Micrococcus Tuteus
Pseudomonas lemoigned . Staphylococcus saprophyticus
Pseudomonas mendocina Bacillus cereus

Pseudomonas ruhlandii{ Bacillus circulans
Pseudomonas stutzeri Bacillus licheniformis
Pseudomonas spec. Baci1lus megaterium
Gluconobacter oxidans Bacillus pumulis

Azomonas agilis Baci1lus thuringensis
Azomonas insignis Corynebacterium spec.
Azomonas macrocytogenes Micromonospora spec.

Source: Werner, Klotz & Schweisfurth, 1978

TABLE 39. TYPES QF FUNGI AND YEASTS FOUND IN EFFLUENTS OF GRANULAR
ACTIVATEC CARBON ADSORBERS AT THE SCHIERSTEIN (FRG) PLANT

1larentous fungl Phialophora hoffmannii
Phialophora mutabilis
Taphrina spec.

Yeasts Rhodctorula minuta var. texensis
Cryptocaoccus uniguttulatus

Candida guillermondii var. guillermondii
Hansenula anomala var. anomala

Source: Werner, Klotz & Schweisfurth, 1978

Because of the great difference in size between bacteria and organic
molecules, the two are separated from each other after adsorption because of
the porous structure of the activated carbon. The smaller, organic molecules
are adsorbed mostly in the micropores of the activated carbon, which represent
about 99% of the total available surface area. On the other hand, the much
larger bacteria cannot be adsorbed in the micropores, but only on the surface
and in the macropores, which make up about 1% of the total activated carbon
surface area available for adsorption. This has a negative secondary effect
on the metabolism of the bacteria.

In the absence of activated carbon, both bacteria and substrate are
uniformly distributed in the aqueous med{um.

As confirmation of these statements, Figure 78 shows plots of the
metabolic activity of bacteria (measured by oxygen consumption) versus time.
The initial colony counts/m] of bacteria with or without activated carben
being present were 1.2 x 108/m1 and the water solution also contained 0.1
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Figure 78, Effect of GAC on metabolic activity of bacteria,

(Werner et al,, 1978)

201



g/1 (100 mg/1) of phenol to act as a substrate for the bacteria. Th

curve (data obtained 1n'the absence of activated carbon) shows that ih:pper
phenol substrate was utilized rapidly by the bacteria (most within the first
24 hours). On the other hand, when 0.5 g/1 (500 mg/1) of granular activated
carbon (1 to 1.25 mm particle size) was added to a second solution containing
the same number of colony counts/ml and the same amount of phenol, less than
hg]f_of the substrate was utilized after 80 hours of contact than was utilized
within 24 hours when activated carbon was absent.

Agt1vated carbon also provides a positive effect on the metabolism of
bacteria, however. It enriches the concentration of organic substances in
the_aqsorber media and increases their residence times in the adsorber. In
addition, there is provided a "buffering action” of the system for organic
substances which are toxic to the bacteria present. These effects are shown
by the data plotted in Figure 79, in which 8 experiments were conducted with
solutions initially containing 3.5 x 108 colony counts/ml. To four sets of
two solutions were added 2.5, 1.0, 0.3 and 0.1 g/1 quantities of phenol. In
Tower concentrations, phenol can serve as substrate (food) for the bacteria,
but in the higher concentrations, phenol is toxic to the same bacteria.

To ane of each of the four sets of solutions containing 3.5 x 108
bacterial colony counts/ml and added phenol now was added 0.5 g/1 of granular
activated carbon (1 to 1.25 mm particle size) and the rates of oxygen consump-
tion were determined over a period of 200 hours.

At the highest phenol concentration (2.5 ¢/1 -- 2,500 mg/1) ) the
solution without activated carbon showed no metabolic activity (zero oxygen
consumption over 160 hours) (curve 1), proving that at this concentration
phenol is toxic to the bacteria present. However, when 0.5 ¢/1 of granular
activated carbon was added to the duplicate solution containing 2.5 g/1 of
pihencl, this sample showed the highast rate of oxygen consumption of all
samples tested (curve 2). Therefore, it can be concluded that the activated
carbon adsorbed the toxic quantity of phenol, rendering the aqueous solution
harmless to the bacteria. This allowed the bacteria to remain viable. The
adsorbed phenol then was slowly released into solution, in non-toxic concen-
trations (probably by desorption mechanisms), where {t either passed through
the activated carbon adsorber to the effluent and/or was captured and metabo-
lized by the bacteria. Once adsorbed on the activated carbon, high initial
concentrations of toxic materials, such as phenol, can become a slow releasing
source of dissolved organic carbon substrate for the bacteria.

Similarly, the solution containing 1 g/1 of phenol also was t9x1c to
the bacteria (no oxygen uptake noted after 160 hours) and the duplicate
sample treated with 3.5 mg/1 of activated carbon showed the second highest

oxygen consumption rate over 160 hours.

Data obtained at the lower phenol concentrations, however, seemed to
conflict with the hypothesis developed “or the higher phenol concentrations.
The sample containing 0.3 g/1 of phenol and. no activated carbon consumed
oxygen at more than twice the rate than did the duplicate sample gontaining
activated carbon. This apparently reversed behavior can be explained,
however, by considering that the adsorption capacity of the weight of
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activated carbon added was sufficient to adsorb the total amount of phenol
present. In this case, even low levels of phenol were not released into
solution, and the net effect was total removal of biodegradable substrate
from solution.

This postulate is supported by the fact that the solution containing
0.3 g/1 of phenol was not toxic to the bacteria; the oxygen consumption
measured for this sample was the third highest of the eight samples tested.

Further confirmation of this hypothesis can be developed by considering
the data obtained with the samples containing 0.1 g/1 of phenol. Again, the
sample to which activated carbon was added showed no metabolic activity
(zero oxygen consumption after 160 hours) whereas the sample without added
activated carbon rapidly attained a low level of oxygen consumption.

The rapid attainment of a constant level of oxygen consumption by the
samples containing 0.1 and 0.3 g/1 of phenol without added activated carbon
shows that the oxygen uptake rates are independent upon the concentration of
phenol (over this concentration range). With the sample containing 0.3 g/1
of phenol, the fact that this amount of oxygen consumption was not attained
until after about 40 hours can be explained either by there being an insuffi-
cient concentration of bacteria present initially or that this phenol concen-
tration exerts scre toxicity to the bacteria, which is overcome later either
by adaptation or by the increase in bacterial populations over that period
of time.

Contribution of Bacteria to Water Treatment--

The following merits were found by Werner, Klotz & Schweisfurth (1979)
to hold true for the treatment of Rhine River water with high level chlorina-
tion prior to filtration and granular activated carbon adsorption. At the
time this phase of the research program at the Schierstein plant was conducted,
the efficiency of the activated carbon adsorbers in removing dissolved
organic materials was about 80%. During this study the bacterial contribu-
tions to the removal of organic raterials (as measured by consumption of
dissolved oxygen and production of CO2 compared with the total dissolved
organic carbon removed) were found to be as follows:

] 5% reduction in levels of dissolved organic carbon,

® ?bgut)7o% reduction in levels of easily decomposed organic substances
80D, ),

] about 17% reduction in levels of difficult-to-decompose organic substan-
ces (BOD,,),

[} about 60% of theoretical oxygen consumption,
] about 60% of theoretical production of carbon dioxide,
It was noted by Werner, Klotz and Schweisfurth (1979), however, that as

the adsorption efficiency of the activated carbon for dissolved organic
substances decreased, the bacterial contribution to removal of organics
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incyegsed "considerably". At the Schierstein plant, thE“ETFEE&y Tow biodegra-
dability of the organic components originally present in the raw water was
further Towered by the high level chlorination step.

. nger1ng the amounts of easily biodegraded organic substances in
biologically operating granular activated carbon adsorbers has a significant
effect on the regrowth of bacteria in water supply distribution systems.
Through biologically active activated carbon adsorbers these organic materials
are at least partially removed in the plant, rather than in the distribution
systgm. Furthermore, the bacterial activity present causes a continuing
pqrt1a1 regeneration of the activated carbon, and thus prolongs its operating
Tife before reactivation is required (Werner, Klotz & Schweisfurth, 1979).

During June, 1978, Prof. Dr. Schweisfurth and his students, Drs. Klotz
and Werner were interviewed regarding some of the unpublished details of
their 6 years of microbiological studies at the Schierstein plant. The
following additional information was supplied by these scientists in the
form of unpublished information:

1) Normal plate counting techniques measure only 5 to 10% of the living
bacteria actually present. However, enzymatically, 20% of the to%al
cell numbers can be counted. Tctal colony counts determined on culture
rnedia provide information only regarding those types of bacteria which
grgw on the media. Not all types of bacteria grow on specific culture
media.

2) E. coli bacteria present in the influents of biologically active
Filter/adsorber Tedia are not found in the effluents because other
bacterial strains dominate in the media and E. coli cannot grow under
tnese conditiors. They simply die off.

3) The Schierstain plant in Wiebaden has an operating rule which does not
allow a GAC column to stand idle and off-1ine for more than two days.
Otherwise plate counts increase significantly and the biology changes.

4) The dissolved organic content of the Rhine at Wiesbaden is 3 to 4 mg/1,
which is comprises mostly of municipal sewage. No industries discharge
in the area. Wiesbaden recently has prolonged the residence time in
reservoirs ahead of the Schierstein plant, to provide 3-day residence
times for Rhine River waters, and which are biologically active.

Before the reservoir residence time was increased, the 4 mg/1 DOC Tevel
of the plant influent water was lowered to 2.5 at the inlet to the GAC
media, and to 1 mg/1 exiting the biologically active GAC adsorbers.
Since the increased reservoir residence time, COC levels in the inlet
to the GAC adsorbers are even lower.

hough BAC media may seem to operate somewhat 1ike trickling filters,
) Q;:y age not the same% Trickling filters mrust have a skin of'sl1me
(formed by multiple layers of bacteria) 1n.order to be effective. BAC1
media remove about 3 times the amount of dissolved organics from solution
as do trickling filters. In trickling filter operation, d1ssolved1 Y
organics are adsorbed only by the slime coating, which is of very lo
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surface area, and then is degraded. In BAC operation, organics are
aqsorbed on the carben surface, in the macropores and also in the
micropores, then are degraded.

6) Only about 1% of the available GAC surface area (the macropores) is
occupied by bacteria, which are all greater than 1 micron in particle
size. Therefore, bacteria.occupy only about 1 sq cm/cu m of GAC.

7)  No clogging of the BAC media has been observed at the Schierstein plant
dgr1ng the past 6 years of use. On the other hand, the Rhine River at
Wiesbaden does not contain nutrients which are optimum for good bacterial

- growths. If such optimal nutrients were present, it is possible that
clogging could occur.

8) Waters passed through sterile, virgin GAC with no bacteria present
contained measureable quantities of CO> and consumed measureable
amounts of dissolved oxygen. This shows that GAC can participate in
chemical oxidation reactions, and these may continue to occur even
after bacterial activity has reached a steady state. In the experiment
reported earlier (Klotz, Werner & Schweisfurth, 1975) in which a GAC
column had been kept sterile for two months, CO» was produced, after
which time the column became biologically active and the experiment was
discontinued. The amount of CO» produced represented 1.5% of the total
generated.

9) In Warburg apparatus studies (measuring metabolic bacterial activity by
oxygen consumption and CO2 production), the size of the GAC granules
was important. The smaller the particle size the faster was the rate
of oxygen consumption, until the carbon granule approaches 1 mm. At
this point clogging became prevalent and the apparatus then could not
be aerated or backwashed. With large GAC particle sizes the time for
transfer of adsorbed organics to the bacteria becomes longer. The
mechanism probably involves desorption of the organic material from the
micropores, followed by diffusion to meet the bacteria. With larger
GAC particles, the process is believed to become diffusion controlled;
with smaller 3AC particles the process is desorption controlled.

10) In considering biological mechanisms occurring during GAC operation, it
is possible that some bacterially secreted enzymes can leave the .
bacterial cells, then may diffuse into the GAC micropores and act on
the adsorbed organics, desorbing them so that they can diffuse out of
the micropores and into the areas occupied by the bacteria.

11) In another water works (not Schierstein) the GAC was removing about 30%
of the dissolved organics present in the adsorber influents after 5

years of operation.

12) For sampling of an operating pilot plant GAC adsorber, the containers
are opened (at the top) and a 0.5 cm diameter sterile pipe is inserted
into the carbon medium to the measured depth. The open end of the pipe
is closed with the thumb of the person sampling and the filled tube is
removed and emptied. The 0.5 cm sampling pipe allows 4 g samples to be
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taken. The Schierstein plant GAC adsorbers are 4 rmeters high, 3 meters
in diameter and contain 2 to 3 meters of 3AC depth. Wren the full-
scale plant GAC was charged, 10 to 20 g samples of used 3AC were taken
at 4 to 5 column depths. Samples also were taken from the center out
to the periphery of each bed. The samples were found to be homogeneous
(with respect to the bacterial parameters rmeasured) at the same bed
depth of GAC out to the peripheries, and also were homogeneous after
the first 30 cm of depth.

13) SAC samples were homogenized in sterilized tap water using a Waring
Blendor type of mixer. After establishing the optimum dilution to
provide the best number of colonies for counting, the Blendor should be
calibrated. This is done by plotting time of horogenization versus
colony counts. The peak is taken as the optimum time of homogenization
for that Blendor (which is always operated at the same speed).

14) The amount of dissolved organic carbon removed from solution bacterially
is not precisely equivalent to the arount of CO2 produced. This is
because some organic carbon is used by the bacteria for self-synthesis,
and does not become 1iberated as CO2. However, some bacteria die and
are attacked by living bacteria. When this occurs, some of the carbcn
contained by the dead bacteria is released as CO2. These two effects
of carbon consumption and carbon release tend to balance each other,
and it should be possible to follow the biological degradation of
organics reasonably quantitatively by measuring the rate of COy formed
as weil as the rate of consumption of dissolved oxygen.

CONCLUSICNS RFGARDING MICROBIOLOGICAL ASPECTS OF BAC SYSTEMS

From the publisked works and private communications described in this
sub-sectior and elsewhere in this report, the following major conclusions
can be drawn concerning the microbiology present in operational BAC systems
in drinking water treatment plants:

1) Bacterial activity develops rapidly in fresh charges of granular
activated carbon (within 5 to 12 days of initiation o° flow) and
reaches a peak of 10% to 106 colony counts per ml of water or 1C6 to
108 per g of GAC present in 13 to 20 days. At biological equilibrium,
counts usually are higher in the GAC media than in the effluents.

2) Standard plate count techniques (incubation at 27°C over 2 days, show
relatively low colony counts in the filter/adsorber media and their
effluents. Incubation over 7 days shows much higher colony counts, and
is the procedure being used by German microbiologists at the University
of Saarlands in their studies.

3) These high bacterial activities occur even in the presence of free
residual chlorine in the 3AC media influents. There is an indication
that when chlorinated influents (containing as high as 0.5 mg/1 free
residual chlorine after breakpoint chlorination) are passed through
biologically operating activated carbon media, chlorine-resistant
bacteria can be present in the effluents.
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8)

9)

10)

1)

12)

High bacterial levels in the activated carbon effluents can be destroyed
using low dosage Tevels of chlorination (0.2 to 0.3 mg/1 in Germany; up
to 0.5 mg/T in France) or of chlorine dioxide (0.15 to 0.3 mg/1) provided
tgat ixtraneous chlorine- or chlorine dioxide-demanding materials are
absent.

At least 20 species of bacteria, 3 species of filamentous fungi and 4
species of yeasts have been identified in effluents from operating GAC
units at the Schierstein plant at Wiesbaden. During the studies
reported, this plant used aeration, breakpoint chlorination and rapid
sand filtration as pretreatment before 3AC adsorption. A1l microbial
populations identified to date are non-pathogenic soil and water
organisms,

E. coli bacteria do not appear to survive in competition with other
types of bacteria present in biological activated carbon media used for
treating drinking water. Therefore, E. coli bateria are not normally
found in BAC media effluents. However, this conclusion must be based
on the assumption that the BAC adsorber is properly sized (provides
sufficient empty bed contact time) and is operated at a sufficiently
slow throughput velocity.

No publications are known which deal with the question of endotoxins
present in effluents from operational BAC systems.

Backwashing of operating BAC units lowers bacterial counts in the
activated carbon media {and raises them in the backwash water), but not
sufficiently to lower the degree of water treatment being sought (organic
compound removal or nitrification). Counts return to normal within 2
days after backwashing.

GAC units containing microbiological growths taken off-line are not
allowed to stand idle for more than two days, otherwise the microbiology
changes and colony counts increase significantly.

There are no known incidents of biological fouling of operating BAC
systems in Europe. If anything, the use of ozone as the preoxidant
lengthens the time between backwashing of both the sand filters and GAC
adsorbers (at the Dohne plant, MlUlheim, FRG).

After 5 years of use, GAC adsorbers at another German.water works (not
Schiersiein) were removing 30% of the dissolved organic carbon present
in the adsorber influents.

On the other hand, results obtained by Van der Kooij (1979) showed

that colony counts in the filtrates from sand, granular non-activated
carbon and granular activated carbon filters were about tke sare. This
indicates that the high colony counts usually observed in GAC filter/ad-
sorbers are independent of the amount of organic materials adsorbed by

the GAC.
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13) The maximum removal of organic materials present in BAC adsorber
1nf1gents (50% at biological equilibrium) was found during pilot plant
studies at the Auf-dem-Werder plant at Bremen, FRG, but without the use
of preozonation. In this case, a special GAC was employed which had a
higb percentage of macropores (to house a higher level of biological
activity). In all other water treatment plants known to be utilizing
BAC processes, the degree of removal of dissolved organic materials at
phe biological steady state 1s 25% to 35%, even with preozonation. It
is worthy of noting that 30% removal of dissolved organics is found at
Wiesbaden (the upper Rhine which 1s not so heavily polluted) using
aeration and prechlorination without river sand bank filtration. On
the other hand, the same 30% removal of organics is obtained in the
Tower Rhine area at DUsseldorf, where river sand bank filtration is
followed by ozonation. BAC units can be allowed to remain on line at
water works in southern Germany for longer times (up to several years)
before reactivation 1s required, because of the absence of significant
levels of halogenated organics in the Rhine at this point. On the
other hand, in the Clsseldorf area, reactivation times of BAC redia are
cgntgz]]ed by the presence of halogenated organics progressing through
the GAC.

14) At the Schierstein plant in Wiesbaden, bacterial breakthroughs were
noted after 3 years of use of GAC columns for taste and odor control.
This suggests that water utilities installing 3AC systems should
consider a bacterial monitoring test to use as a regeneration control
parameter, in addition to whatever organic parameters are also adopted.

15) In operational BAC systers, bacteria occupy only the outer surface and
macropores of the activated carbon granules. These account for 1 to 2%
of the total GAC surface area in most activated carbons currently
available. Jn the average, a single bacterium occupies 40 square
microns per cubic meter of GAC surface area in operating BAC systems.
This amount of bacteria present does not appear to interfere with
dissolved organic adsorption processes in operational BAC systems.

16) High levels of phenol in the SAC adsorber influent(which are toxic to
the bacteria present in the absence of GAC) are lowered by GAC adsorption
to levels at which phenol can be utilized as bacterial substrate.

Thus, BAC can be considered as a "sink" for adsorbable toxic (to bac-
teria) organic materials, which then may be biodegraded in the biologi-

cally active adsorber.

17) Cne postulated mechanism of BAC operation involves rapid adsorption of
) dissglved organics by the GAC micropores, followed by slow desorption
and diffusion of the organics to areas where bacteria are present. The
smaller the GAC particle size the greater is the rate of biochemical )
degradation of organics, possibly because the diffusion path is shortene

i - 11ing step. This would imply
and desorption becomes the rate contro g gon TS oul reP hei-

Jogically active powdered activated car
E?ZEtblﬁanggranu{ar activated carbon in removing dissolved organics

from solution. On the other hand, GAC particle sizes below 1 mm cause
problems of clogging and reducing attainable flow rates.
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18)

19)

Bacterial activities are higher in BAC media during summer than during
winter, probably because of higher water temperatures.

Samples of GAC known to be bacterially sterile cause some oxygen
consumption and CO» production in waters being passed through such
media. At biological steady state conditions, however, this amount of
C02 produced represents only about 1.5% of the total produced.
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SECTION 11
ESTIMATED COSTS FOR BAC SYSTEMS

It must be kept in kept in mind that the capital and operating costs
for biologically enhanced granular activated carbon systems are determined
by a number of factors:

(] the type and amount of oxidative pretreatment required,
. the organic composition of the raw water (corponents which can and
cannot be converted into biodegradable materials),
° the necessity to add oxygen,
) the necessity to maintain pH between 6 and 8 (to maintain optimral
bacterial activity),
® the empty bed contact time of the GAC colurns or beds,
() the necessity to pretreat the wastewaters %o remove components
which may be toxic to the bacteria.
In addition, the frequency of regeneration of the GAC will have a major
impact on the GAC operating costs. In fact, one of the primary advantages
of operating GAC media in biologically enhanced modes 1s the saving in
reactivation costs (including attrition losses which occur during movement
and pPandling of GAC during reactivation) which can be obtained in certain
cases by instaiiing a preoxygenation or rreoxidation step. If the saving in
GAC reactivation costs more than offset the installation of pretreatment to
promote biological activity, then BAC will be cost-effective for the specific
wastewater under consideration.

In this section, estimated costs for the major components of BAC
systems wiil be discussed. These will include preoxidation with ozone (the
highest cost preoxidation system), GAC adsorption contactors, initial loading
of GAC to the contactors and GAC thermal regeneration equipment.

COSTS FOR OZONATION SYSTEMS

Oxidation with ozone wiil be the highest cost oxidation step, compared
with using oxidants such as chlorine, chlorine dioxide, potassium perman-
ganate, hydrogen peroxide, etc., adding pure oxygen or simply the addition
of air. However, the most widely known biologically enhanced GAC systems to
date utilize ozonation as the preoxidation step. Therefore, for purposes of
this discussion, the costs for ozonation will be summarized. Those BAC
systems which can utilize lower cost oxidants effectively, or simply oxygen
or air, will be able to lower this portion of their total costs

proportionately.
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Capital Costs For Ozonation Systems

Major factors affecting the capital costs of ozonation systems include:

Capacity of ozone generation system

Number of stages of ozone use

Type of ozone contactor off-gas destruction
Type of ozone control system

Space requirements

Standby generation capacity required

Use of air versus oxygen for ozone generation

Capital costs for ozone generation systems range from $850 to $1,150/1b
of ozone generated per day when up to 100 1bs/day are required. This range
drops to $300 to $500/1b of ozone per day when 1,000 1bs/day of ozone are
required (Table 40; G.W., Miller, 1979). To these equipment costs must be
added the costs for contacting, building space, control systems, contactor
off-gas destruction, etc. Capital costs for fully installed ozonation
systems are given in Table 41 (Gumerman, Culp & Hansen, 1978). Costs for
construction of diffuser contactors (concrete columns, 18 feet deep with a
length/width ratio of approximately 2/1) are listed in Table 42 for various
sizes of chambers (Gumerman, Culp & Hansen, 1978).

TABLE 40. CIST RANGE OF OZONATION SYSTEMS (FRCM AIR)

Ozone Generation Capacity, Approx. Capital Cost,
1bs/day of ozone $/1b production cap./day

100 850 - 1,150
200 600 - 800
300 500 - 700
400 450 - 650
500 400 - 600

1,000 300 - 500
Source: G,W. Miller (1979)

Clark and Stevie (1978) assembled available capital cost data for
ozonation systems and converted it into capital costs per mg/L of ozone
dosage per 1,000 gallons of drinking water disinfected. These cost data are
presented in Table 43 for plant sizes ranging from 1 mgd to 150 mgd. At the
lower flow rates (10 mgd and below), the capital costs for generation of
ozone from air are lower than those for generating ozone from oxygen.
However, above 10 mgd, the capital costs for generating ozone from oxygen
become less than those for air. For a 10 mgd treatment plant, the capital
cost to provide an ozone (generated from air) dosage of 1 mg/L is estimated
by Clark & Stevie (1978) to be on the order of 1.1¢/1,000 gal.

One year later, Hansen, Gumerman & Culp (1979) developed more detafled

capital cost estimates for air-fed ozone generators capable of producing 0.5
to 10 1bs of ozone/day. These are given in Table 44, and inciude costs for
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TABLE 41.

CONSTRUCTION COST:

QZCNE GENERATION SYSTEMS

Ozone Generation Capacity, lbs/day
10 100 500 1,000 2,000 3,500
?:ggé. $32,250 | 143,610 } 511,960 |685,810 { 1,075,540 1,523,240
Concrete -- -- 1,540 1,540 2,250 2,250
Steel -- -- 1,520 1,520 2,210 2,210
Labor 4,840 | 33,690 |114,110 {143,110 207,500 272,300
Housing } 6,000 ] 8,400 { 12,700 | 23,400 35,700 41,800
§ubtota1 43,909 185,700 {642,70C {855,380 1,318,200 1,841,800
§;§§§ng'y 6,460 { 27,86C | 96,410 {128,310 197,730 276,270
%ota] $49,550 §1213,560 {739,110 983,690 {1,515,930 2,118,070
Source: Gumerman, Culp & Hansen, 1978
TABLE 42. CONSTRUCTION COST: CCNCRETE OZONE CONTACT CHAMBERS
Concrete Chamber Volume
cu ft 460 4,600 23,000 46,000 92,000
gallong 3,441 34,413 1/2,063 344,126 688,252
Excavation &

Sitework $ 470 1,630 2,570 5,150 10,290
Concrete 850 4,950 8,280 15,450 29,810
Steel 1,470 8,400 13,570 23,330 48,550
Labor 2,150 12,200 19,510 36,120 69,330

Subtotal 4,940 27,180 43,930 82,050 157,980
Misc. &
Contingency 740 4,080 6,590 12,310 23,700
Total 5,680 31,260 50,520 94,360 181,680
basis: 18 ft deep; length/width ratio = 2/1
Scurce: Gumerman, Culp & Hansen, 1978
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TABLE 43. CAPITAL COSTS FOR DRINKING WATER DISINFECTION WITH OZONE

Capital Costs, ¢/1,000 gal. Desian Capacity (mad)
{ozone generated from 1 E 0 100 150
air or oxygen)
Capital Cost (from air) 2.90 1.36 { 1.1 0.76 0.73
Capital Cost (from oxygen) 4.46 1.50}1.08 0.61 0.58

Source: Clark & Stevie, 1978

TABLE 44, CONSTRUCTION COSTS FOR SMALL SCALE OZONE GENERATION SYSTEMS*

Cost Category Ozone Generation Capacity (1bs/day)
0.5 5.0 10.0
Manufactured Equipment $ 11,540 $ 19,880 $ 28,530
Labor 1,860 3,300 4,840
Housing 6,000 6,000 6,000
Subtotal 19,400 29,180 39,370
Miscellaneous & Contingency 2,910 4,380 5,910
TOTAL 22,310 33,560 45,280
Ozone Generating Equipment Costs
($/1b/day of 03 generated) 23,080 3,976 2,853
Construction Costs
($/1b/day of 03 generated) 44,620 6,712 4,528

* Assumes ozone is generated from afir. Costs include ozone generator,
dissolution equipment, electrical equipment, control instrumentation, but
not contact chamber. Figures are not stated to include costs for air prepa-
ration equipment (which would add 20% to 25% to capital costs of manufactured
lequipment), nor for equipment to destroy ozone in contactor off-gases.

Source: Hansen, Gumerman & Culp, 1979
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the ozone generator, dissolution equipment and all required electrical
equipment and instrumentation, labor and housing, but not costs for the
ozone contact chamber itself, since these are a function of water flow to be
treated and contact time. These capital costs are not stated to include air
preparation equipment or ozone destruction apparatus for contactor off-gas
treatment. If not included, these costs must be considered to be somewhat
Tow. For example, ozone generator suppliers normally estimate the capital
costs for air preparation equipment to be about 20% to 25% of the total
capital cost of the ozone generation system (Larocque, 1977, Private
Comrunication).

Separate construction costs vare estimated by Hansen, Sumerman & Culp
(1979) for 18 ft high (water depth 16 ft) fiberglass reinforced plastic
ozone contact chambers to be used in conjunction with ozone generation
systems capable of producing 0.5 to 10 1bs/day. Costs for the contacting
equipment itself are included with those of the ozone generation system.
Contactor construction costs are listed in Table 45.

For larger sized ozone generation systems (10 to 3,500 1bs/day),
Gumerman, Culp & Hansen (1979) estimated capital costs based upon air feed
to the generator for up to 1C0 1bs/day of ozone generated and from oxygen
above 100 1bs/day. They also assumed that all oxygen used for ozone genera-
tion would be generated on-site, and that although the ozonation equipment
would be housed, the oxygen generation equipment would be Tlocated outside on
a concrete slab,

These assurptions made by Gumerman et al. (1979) are not representative
ot current ozone generation practice, either for municipal water or wastewater
treatment, for the most part. In drinking water treatment plants, Miller et
al. (1978) have shown that of the approximately 1,100 plants which were
using ozone during 1977, only 2 generate their ozone from oxygen. Jnly one
of these plants (Duisburg, Federal Republic of Germany) recycles the oxygen-
rich ozone contactor off-gases to the ozone generator. Even the largest and
newest water treatment plants using ozone generate more than 5,000 1bs/day

from air feed.

On the other hand, most of the newer and larger U.S. wastewater treatment
plants using ozone also employ the oxygen activated sludge process. This
means that the oxygen source for ozone generation comes from an on-site,
oxygen generation plant which generates tons/day quantities of oxygen at the
Jowest cost, mostly for use in plant biological reactors. Therefore, oxygen
is available at a lower cost than if oxygen generating equipment were to be
sized simply to produce the volume necessary to feed the ozone generators

alone.

In addition, in oxygen activated sludge plants using ozone, the oxygen-
rich ozone contactor off-gases are not usually recycled to the ozone genera-
tor, but rather are passed into the blological reactor. This use of ozone
contactor off-gases is referred to as a “ance-through (thg ozone generator)
oxygen" system. In this manner, the only loss of oxygen in the system is
that which is dissolved in the ozone-treated wastewater. Bhargava (1979)
described an ozone generation system which uses partial recycle of oxygen
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TABLE 45. CONSTRUCTION COST FOR OZONE CONTACT CHAMBERS (SMALL SCALE*)

Cost Category

Contactor Volume (gallons)

850 2,350 5,290 8,480 13,540

Manufactured Equipment 690 $ 1,270 §$ 3,160 §$ 6,960 §$ 8,640
Concrete 20 50 100 140 190
Steel 10 20 40 50 70
Labor 170 280 470 610 760

SUBTOTAL 890 1,620 3,770 7,760 9,660
Miscellaneous & Contingency 130 240 570 1,160 1,450

TOTAL 1,020 1,860 4,340 8,920 11,110
* for use with 0.5 to 10 1bs/day ozone generation capacity. Contact chambers are

18 ft high, fiberglass reinforced plastic.

Source: Hansen, Gumerman & Culp, 1979




and which has been installed in the 8 mgd sewage treatment plant at Murphrees-
boro, Tennessee. This oxygen activated sludge plant using ozone disinfection
was scheduled to become operational by mid-1980. More details on the design
of oxygen recycle systems for generation of ozone can be found in a paper by
Lestochi et al. (1979).

Therefore, as with the estimates for small ozone generators, capital
costs estimated by Gumerman et al. (1979) are considered to be low (in those
cases in which large quantities of ozone are generated from afr -- for most
drinking water treatment purposes), but are high by the amount of oxygen
recycle equipment which normally is not employed.

Capital costs for large scale ozone generation (10 to 3,500 1bs/day)
estimated by Gumermran et al. (1979) are given in Table 46 and include
equipment for gas preparation (assumed to be generation of oxygen), ozone
generation (from oxygen at more than 1C0 1bs/day), dissolution, off-gas
oxygen recycling (but may not include destruction of ozone in the contactor
off-gases), electrical and instrumentation costs, all required safety and
monitoring equipment, labor and housing costs.

The ozone contact chamber for large scale ozone generation was assumed
by Gumerman et al. (1979) to be a covered, re{nforced concrete structure, 18
feet deep and with a length/width ratio of approximately 2:1. Construction
costs for such contact chambers are given in Table 47 (costs for the ozone
dissolution equipment itself are included with the ozone generation equipment
in Table 46).

It should be recognized that once an ozonation system has been installed
for any singie purpose, additional applications for ozone at the same plant
will involve only the incremental costs for additional ozone generation
capacity plus & second contactirg system. All of the one-time costs associa-
ted with installing the initial ozone generation system (power, housing,
controls, air treatment, off-gas destruction, etc.) already will be present,
and the incremental cost per pound of ozone generated now will be less than
those required for initfal instaliation.

Operating & Maintenance Costs Of Ozonation Systems

Most of the operating expense to produce ozone is the cost of electrical
power; this has been estimated to amount to about 80% of the total ozone
generation costs. Much information on operating and maintenance costs stems
from European drinking water treatment plants, some of which have been
employing ozone since 1906. Miller et al. (1978) summarized the costs for
ozone treatment of drinking water supplies in Europe and Canada. With
ozonation doses ranging from 1.5 to 3.0 mg/L and with ozone generation
capacities of 1,000 to 3,000 1bs/day (from air), ozonation costs ranged from
1.75 to 4.0 cents/1,000 gallons of water treated in 1977. These figures
include the amortized capital costs (usually over 20 years at 8% interest)
for air preparation equipment, ozone generation, ozone contacting, treatment
of off-gases from ozone contacting, 1nstrument§t10n and automation for the
ozonation subsystem, and installation and housing for the ozonation system,

operation and maintenance.
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TABLE 46. CONSTRUCTION COSTS FOR OZOME GENERATION SYSTEMS (LARGE SCALE)
Ozone Generation Capacity (1bs/day)

Cost Category 1Y 100 000 1,000 2,060 3,500
Manufactured Equipment $ 34,2101$152,350 {$543,130{$ 727,5601$1,135,720}$1,615,980
Concrete 0 0 1,630 1,630 2,380 2,380
Steel 0 0 1,680 1,680 2,440 2,440
Labor 5,090] 35,410} 120,850 150,420 218,100 286,200
Housing 6,430 9,000) 13,600 25,060 38,230 44,770

SUBTOTAL 45,7304 196,760} 680,890} 906,350] 1,396,870} 1,951,770
Miscellaneous & Contingency 6,860§ 29,5101 102,130} 135,950 209,530 292,770

TOTAL $ 52,5901 226,270} 783,020}1,042,300{ 1,606,400} 2,244,540
Manufactured Equipment Cost,

$/1b/day of 03 generating

capacity 3,421 1,524 1,086 728 568 462
Construction Costs in

$/1b/day of 03 generating {

capacity 5,259 2,263 1,566 1,042 803 641

Source:

Gumerman, Culp & Hansen, 1979
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T1ABLE 47. CONSTRUCTION COSTS FOR OZONE CONTACT CHAMBERS (LARGE SCALE*)

Centact Chamber Volume

cu Tt 450 4,600 | 23,000 46,000 92,000

Cost Category galions 3,441 34,413 172,063 | 344,126 | 688,252
Excavation & Sitework $ 490 {$ 1,770 |$ 2,700 |$ 5,410 {$ 10,820
Concrete 900 5,250 8,780 16,380 31,600
Steel 1,620 9,270 14,980 25,750 53,580
Labor 2,260 12,820 20,510 37,960 72,870
SUBTOTAL 5,270 29,050 46,970 85,500 1 168,870
Miscellaneous & Contingency 790 4,360 7,050 12,820 25,330
TOTAL 6,060 33,410 54,020 98,320 | 194,200

* Concrete chambers, 18 ft deep; length io width ratic = 2/1

Source: Gumerman, Culp & Hansen, 1979




_ _The rather broad range of European ozonation system costs is affected
mainly by the cost of housing for the ozonation system and variations in the
Tocal costs of electrical energy. If the ozonation system is housed in a
separate buiding, as opposed to being retrofitted into an existing building,
then the costs will be about 25% higher (Miller et al., 1978).

Small Scale Ozone Generation--

Hansen et al. (1979) developed operation and rmaintenance costs for
generation of ozone at the rate of 0.5 to 10 1bs/day, from air. Electrical
energy is required for building, heating, 1ighting and ventilating, as well
as for ozone generation. It is not clear from the report by Hansen et al.
(1979) whether costs for air preparation and for destruction of ozone in the
contactor off-gases are included. Process energy for ozonation 1s based on
15 kWh/1b of ozone generated for the smallest system to 11 kWh/1b for the 10
1bs/day system. Maintenance costs were estimated to be 1% of the capital
equipment costs. Annual operation and maintenance costs for small scale
ozone generators are given in Table 48.

Large Scale Ozone Generation--

Gumerman, Culp & Hansen (1979) developed operation and maintenance
costs for systems generating 10 to 3,500 1bs/day of ozone. Below 100
1bs/day, ozone is assured by these authors to be generated from air; oxygen
is the feed gas above 100 1bs/day and is generated on-site in a quantity
necessary to feed the ozone generators. For air feed, power requirements
were based on 11 kWh/1b of ozone generated, but 7.5 kWh/1b from oxygen.
Annual operation and maintenance costs are estimated in Table 49.

LePage (1979) has reported the results of 8 months of operational
experience at the 18 mgd Monroe, Michigan drinking water treatment plant
which began operating with ozonation (for taste and odor control) in February,
1979. This plant is capable of generating 450 1bs/day of ozone from air and
is designed to apply 3 mg/L of ozone to the raw water. After 8 months of
operation, an average ozone dosage of 1.65 mg/1 had been employed at an
average ozonation cost of 0.634¢/1,000 gal of water treated.

Knorr (1979) reported that the new 10 mgd sewage treatment plant being
constructed at E1 Paso, Texas will incorporate an average ozone dosage of 5
mg/1 prior to GAC adsorption for an estimated operational cost of 4¢/1,000
gal of wastewater treated.

COSTS FOR GAC SYSTEMS

Major factors affecting the costs of installing and operating GAC
systems include:

® empty bed contact time (EBCT) of water being treated
® regeneration frequency
e on-site versus off-site GAC reactivation
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TABLE 48. OPERATION AND MAINTENANCE SUMMARY FOR SMALL SCALE OZONE GENERATION SYSTEMS*

M et —

Maintenance Total
Ozone Generation | Electrical Energy (kithr/yr) Material Labor Cost**
Rate (1bs/day) [Building JProcess Jiotal ($/yr) (hrs/yr) | ($/yr)
0.5 6,570 2,560 9,130 $ 120 370 $ 4,090
5.0 6,570 21,900 1 28,470 200 550 6,550
10.0 6,570 40,150 | 46,720 290 550 7,190

Lee

*  Qzone is generated from air
** Calculated using $0.03/kWh and $10.00/hr for labor

Source: Hansen, Gumerman & Culp, 1979
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TABLE 49, CPERATION AND MAINTENANCE SUMMARY FOR LARGE SCALE OZONE GENERATION SYSTEMS*
Ozone Generation | Electrical Energy  (kWh/yr) Magggﬁ?g?ce Labor 285:1*
Rate (1bs/day) Building [ Process Total ($/yr) (Hrs/yr) | ($/yr)

10 5,750 40,150 45,900 }$ 1,430 550 $ 8,310

100 9,850 401,500 411,350 3,060 550 20,900

500 16,420 1,368,750 |1,385,170 { 10,770 910 61,430

7,000 30,780 2,737,500 j2,768,280 | 14,270 1,830 115,620

2,000 71,820 |5,475,000 (5,546,820 § 22,120 2,190 210,430

3,500 123,120 }9,581,250 9,704,370 | 31,150 2,920 351,480

*  Assumes ozone is generated from oxvgen, except for first line, which is ozone generated

from air.

** Calculated using $0.03/kWh and $10.00/hr labor cost.

Source:

Gumerman, Culp & Hansen, 1979




On the basis of information published to date, the empty bed contact
times.which have produced the most effective removals of ammonia and dissolved
organics from aqueous solutions by combinations of adsorption and biological
activity have been close to 10 minutes. However, longer empty bed contact
times of 20 to 30 minutes have been recommended:in some European drinking
water treatment plants (Sontheimer, 1978b).

Regeneration of GAC normally is done on-site at large water and waste-
water treatment plants, especially when the daily volumes of GAC to be
regenerated or frequencies of reactivation warrant. On the other hand, when
the GAC does not have to be regenerated frequently, then it usually is cost-
effective for the plant to send 1ts spent GAC back to the manufacturer for
reactivation. Many of the larger European drinking water treatment plants
$3;3§ GAC do not have on-site GAC reactivation facilities (Rice et al.,

Culp (1980) points out that "good cost data are available from operating
(GAC) installations at: (1) The South Lake Tahoe Public Utility District,
South Lake Tahoe, California (13 years), (2) the Orange County Water Jistrict,
Fountain Valley, California (4 years) and (3) the Upper Jccoquan Sewage
Authority, Manassas Park, Virginia (capital cost data only -- plant in
operation only a few months)." In addition to these three plants, there are
an additional 17 or so operating municipal advanced waste treatment plants
which use GAC in the USA, and these plants also provide detailed cost informa-
tion. However, Culp (1980) also cautions that "costs taken from wastewater
cost curves which are plots of flow in mgd versus cost (capital or operation
and maintenance costs) cannot be applied directly to drinking water treatment.
Allowance must be made In the capital costs for the different reactivation
capacity needed (for the two types of application), and in the operation and
maintenance costs for the actual amount of carbon to be reactivated or
replaced." These factors are site- and water- (or wastewater)-specific.

Capital Costs For GAC Systems

Components of capital costs for GAC systems include the contactor, site
modifications, piping, pumps and valves, GAC fi11, contingencies, fees and
regeneration furnaces (assuming on-site reactivation). The summations of
these capital costs for erpty bed contact times of 9 and 18 minutes have
been estimated by J.C. Clark (1979) and are presented in Figure 80 for flows
up to 300 mgd. Of greatest significance is the fact that the 3AC capital
costs decrease sharply for plant flows up to 50 mgd, then decrease much more

slowly up to 300 mgd.

Small Scale, Package GAC Columns--

Gumerman, Culp & Hansen (1979) developed construction costs for factory-
assembled, package GAC columns, which were sized with 7.5 minutes empty bed
contact time to treat volumes of 2,5C0 gal/day to 0.5 mgd. SAC bed depths
were taken to be 5 feet and the surface hydraulic loading rate was taken to
be about 5 gpm/sq ft. Conceptual design parameters for these package GAC
units are listed in Table 50.
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TABLE 50.

CONCEPTUAL DESIGN PARAMETFRS FOR PACKAGE GAC COLUMNS (7.5 min EBCT)*

Plant Flow Flow Rate GAC Columns Housing
gpm gpd (gpm/sq ft) 0. | Bed Area | Diameter Area (sq ft)
(sq ft) _(ft)
1.7 2,500 5.1 1 0.34 0.67 60
17 25,000 5.4 1 3.14 2 150
70 100,000 5.6 1 12.6 4 300
175 250,000 5.1 1 24 6.5 375
350 500,000 5.5 1 64 9 450

Source:

Gumerman, Culp & Hansen, 1979

*  GAC columns are 5 ft deep; surface loading = 5 gpm/sq ft
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Figure 80, Capital costs for 9- and 18-min, GAC
‘empty bed contact times.

(J.C.Clark, 1979)

Costs for these package GAC columns are based on the use of cylindri-
cal, pressurized, downflow steel contactors designed to operate manually at
50 psi. Housing costs are included. Not inciuded are supply piping to the
GAC column and handiing or conveyance systems for spent or regenerated GAC.
Construction costs for this size GAC package unit (to handle plant flows of
2,500 gal/day to 0.5 mgd) are given in Table 51.

Large Scale GAC Contactors--

For plants treating larger flows (1 to 200 mgd), Gumerman, Culp &
Hansen (1979) have developed cost estimates for gravity flow GAC contactors
(concrete and steel construction) and for pressure GAC contactors.

Concrete construction--Gravity flow GAC contactors are assumed to be
essentially identical to gravity flow filtration structures. Construction
costs were developed for GAC bed depths of 5 ft and 8.3 ft, which provide
empty bed contact times of 7.5 and 12.5 minutes, respectively, at a water
application rate of 5 gal/min/sq ft (Tables 52 and 53, respectively). Costs
of these facilities include the contactor structure, cylinder-operated
butterfly valves, liquid and carbon handling piping with headers in a pipe
gallery, flow measurement and other instrumentation, master operations panel
and a housing building. Not included are costs for backwashing pumping, the
initial 3AC charge, spent or regenerated 3AC handling outside of the contactor
pipe gallery and 3AC regeneration and preparation facilities. It was assumed
that all GAC in a single contactor would be removed and replaced with regene-
rated GAC in a single operation. In turn, this requires that regeneration
facilities be designed to store both spent and regenerated GAC in quantities
equal to the amount in one contactor.
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TABLE 51. CONSTRUCTION COSTS FCR PACKAGE GAC COLUMNS (7.5 min EBCT)

Plant Flow
T.7 gpm 17 gpm 70 gpm 175 gpm| 350 gpm
Cost Category 2,500 gqpd} 25,000 gpd {100,000 gpd 250,000 gpd }500,000 gpd |
Excavation &
Site Work $ 50 50 $ 50 $ 80 $ 80
Manufactured
Equipment 740 2,900 7,070 14,600 27,100
Concrete 100 250 480 580 700
Labor 1,100 3,900 6,240 9,500 13,000
Pumps, Valves & )
Piping 500 1,200 4,300 6,400 8,800
Electrical &
Instrumentation 600 600 850 1,100 1,300
Housing 5,100 6,910 9,180 10,300 11,400
SUBTOTAL 8,190 15,810 28,170 42,560 62,380
Miscellaneous &
Contingency 1,230 2,370 4,230 6,380 9,360
TOTAL COST 9,420 18,180 32,400 48,940 71,740
Source: Hansen, Gumerman & Culp, 1979
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TABLE 52. CONSTRUCTION COSTS FOR CONCRETE GRAVITY CARBON CONTACTORS*

Tota) Contactor Volume (cu ftg and Area (sq ft)
SCU Tt) 700§ 3,500 7,00 » 70,000 140,000
Cost Category sq ft) 140 700 1,400 7,000 14,000 28,000
Excavation &
S1tework $ 1,660 {$ 3,050 {$ 4,660 {$ 13,6701 21,600f 36,630
Manufactured
Equipment 29,000 § 62,66C 86,130 335,690 ] 582,300 1§ 1,080,360
Concrete 12,330 § 22,880 38,330 87,850 142,410 253,520
Steel 10,620 | 18,360 27,710 67,6501 113,300 193,160
Labor 37,330 | 81,410 { 138,800 327,870 468,260 920,890
Pipe & Valves 33,570 {108,700 | 206,130 597,380 ] 863,970} 1,463,150
Electrical &
Instrumentation 14,730 | 42,250 42,250 109,050 185,720 291,840
Housing 17,400 | 40,480 70,590 291,940] 514,330 968,520
SUBTOTAL 156,650 §381,790 | 614,600 1,831,100 2,891,890 | 5,208,070
Misc. & Contingency 23,500 § 57,270 92.190 274,670 ] 433,780 781,210
TOTAL 180,150 §439,060 § 706,790 42,105,770 3,325,670 | 5,989,280
volume/Single Contactod 350 ft38 875 ft3]1,750 313,500 £t3] 5,000 ft3 6,360 ft3
Cost/Single Contactor [90,070 §$109,770{$176,700 }1$210,580 | $237,550 | $290,460

* 7.5 min EBCT; 5 ft GAC bed depth

Source: Gumerman, Culp & Hansen, 1979
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TABLE 53.

CONSTRUCTION COSTS FOR CONCRETE GRAVITY GAC CONTACTORS*

Total Contactar Volure (cu ft) and Area (sq ft

{cu ft] 1,160 E816 | 11,600{ 58,100 ] 116,200 737,400
Cost Category (sq ft) 140 700 1,400 7,000 14,000 28,000
Excavation &
Site Work $ 2,220 i$ 4,080 f 6,210 18,240 |$ 28,800 1§ 48,770
Manufactured
Equipment 29,000 | 62,660 86,130 335,690 | 582,300 1,080,630
Concrete 15,000 § 30,300 | 51,180] 11,090 | 180,500 308,640
Steel 12,940 § 20,690 38,800 82,360 { 137,940 235,150
Labor 45,450 { 99,170 { 168,990{ 399,150 | 570,050 1,159,990
Pipe & Valves 33,570 { 708,700 | 206,130 597,380 | 863,970 1,463,150
Electrical &
Instrumentation 14,730 | 42,250 )} 42,250] 109,050 | 185,720 291,840
Housing 17,400 | 40,480 | 70,590] 291,940 | 514,330 968,520
SUBTOTAL 170,320 { 408,330 | 670,280 [1,944,900 {3,063,610 5,556,690
Misc. & Contingency 25,550 ! 61,250 | 100,540] 291,740 | 459,540 833,500
TOTAL 195,870 § 469,580 | 770,820 |2,236,640 3,523,150 6,390,190
Volune/Single Contactor| 580 ft3) 1,450 £t 2,905 ft3 5,810 ft3] 8,300 £e3} 10,560 ft
Cost/Single Contactor |$ 97,940 §$117,400 | $192,710] $223,660 | $251,650 $290,460

* 12.5 min EBCT, 8.3 ft GAC bed depth

Source.

Gumerman, Culp & Hansen, 1979




Steel construction--These types of contactors are assumed b

Culp & Hansen (1979) to be utilized when more than 30,000 cu ft gfegmgrman,
contact volume is required. Costs were developed for such contactors
(field-erected as opposed to factory-built) of 20 and 30 ft diameters, each
with a GAC bed degth of 20 ft and an overall vessel hefght of 35 ft. System
hydrqu]ics were sized for an application rate of 5 gal/min/sq ft, which
grgyldgz a 30 minute EBCT. Other conceptual design parameters are listed in
able 54,

Stge] vessels are constructed of factory-formed steel plates, erected
at the job-site. Units are provided with a nozzle-style underdrain; GAC is
removed as required for regeneration through multiple carbon drawoff pipes
in the underdrain support plates. Regenerated GAC is returned through a
piping system to the top of each contactor. Costs presented are for a
c9m91ete GAC contacting facility, including vessels, face and interconnecting
piping, access walkways, cylinder-operated butterfly valves on all hydraulic
piping and manually operated ball- or knife-type valves on the carbon handling
system, flow control and other instrumentation, master operations control
panel and a building to house the contactors.

Not included are costs for GAC supply pumping, surface wash and backwash
pumping, the initfal GAC charge, spent or ragenerated GAC handling “acilities
{exclusive of the piping within the contactor building) or GAC regeneration
or preparation facilities. Estimated construction costs for gravity fiow
steel GAC contactors are presented in Tables 55 and £6 for 20 and 30 ft
diameter units, respectively, both providing 30 minute EBCTs.

Pressure GAC Contactors--Gumerman, Culp & Hansen (1979) developed
construction costs for pressure GAC contactors constructed of shop-fabri-
cated steel tankage. Bed depths of 5, 10 and 20 ft were estimated, providing
emnty bed contact times of 7.5, 15 and 30 minutes, respectively, at a hydrau-
lic loading rate of 5 gal/min/sq ft. Conceptual design parameters are
Tisted in Table 57. The practical upper 1imit plant size for this type of
GAC contactor system is 20 to 25 mgd.

Costs are based upon downflow operation at a design working pressure of
50 psi using cylindrical ASME code pressure vessels, which are either 10 or
12 ft in diameter by 14, 23 or 33 ft in height, furnished with a nozzle-
style underdrain and designed for rapid removal of spent GAC and recharge of

virgin or reactivated carbon.

Estimated construction costs are presented in Tables 58, 59 and 60 for
7.5, 15 and 30 minute EBCTs, respectively, and are for complete GAC contacting
facilities. These include vessels, cylinder-operated butterfly valves,
Tiquid and GAC handling face piping with headers in the GAC contactor buil-
ding, flow measurement and other instrumentation, mastsr operation contra1 "
panel and building. Not included are costs for coQtacLor supply gngAEac was
pumping, initial GAC charge, spent or regenerated SAC handling an B hat
regeneration and preparation facilities. Housing requirements assu

the GAC columns are totally enclosed.
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TABLE 54.

CONCEPTUAL DESIGN PARAMETERS FOR STEEL GRAVITY FLOW GAC CONTACTORS; 20 FT GAC DEPTH*

Plant{ Total Contactor 3 Plant Area

Y AL £ AACATIN P4\ IR LR AT, E MR S APTN LR 2\ KL AT

10 1,570 - 5 -- 31,400 - 6,500 --

50 7,850 7,065 25 10 157,000 141,300 33,000 26,000
100 15,700 14,130 50 20 314,000 282,600 66,000 50,000
200 31,400 28,260 100 40 628,000 565,200 | 126,000 95,000

*

30 minute EBCT

Source:

Gumerman, Culp & Hansen, 1975
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TABLE 55. CONSTRUCTION COSTS FOR STEEL GRAVITY FLOW GAC CONTACTORS*
Total Contactor Volume (cu ft)

Cost Cateqory 31,400 157,000 314,000 628,000
Excavation & §1te Work $ 2,050 3% 6,560 |$ 11,600 21,760
Manufactured Equipment 340,970 1,619,750 3,170,980} 6,137,800
Concrete 7,650 27,470 47,290 91,580
Steel 3,810 14,040 24,370 45,690
Labor 66,220 314,270 584,390} 1,075,550
Pipe & Valves 140,730 675,500 1,437,110} 2,644,620
Electrical & Instrumentation 50,460 207,800 406,820 787,250
Housing 169,000 792,000 1,584,000 ) 3,024,000

SUBTOTAL $ 780,890 3,657,390 7,266,560 |13,828,250
Miscellaneous & Contingency 117,130 548,610 1,089,980 2,074,240
TOTAL $ 898,020 4,206,000 8,356,540 15,902,490
Volume/Single Contactor (f£3) 6,280 6,280 6,280 6,280
COST/SINGLE CONTACTOR $ 179,600 168,240 167,130 159,020

* 20 ft diameter GAC tanks; 30 minute EBCT

Source:

Gumerman, Culp & Hansen, 1979




TABLE 56. CONSTRUCTION COSTS FOR STEEL GRAVITY FLOW SAC CONTACTIRS*

Total Contactor Volume (cu ft)

Cost Category 141,300 282,600 565, 200
Excavation & Site Work |$ 7,150 |$ 13,140 |$ 25,020
Manufactured Equipment 1,327,160 2,595,980 5,139,970
Concrete 29,680 56,180 111,290
Steel 15,230 28,690 55,180
Labor 263,820 488,740 942,800
Pipe & Valves 565,490 1,092,710 2,111,020
Electrical & Instrumentation 170,640 332,910 659,530
Housing 624,000 1,200,000 2,280,200
SUBTOTAL $3,003,170 $5,808,350 |$11,324,810
Misc. & Contingency 450,480 871,250 1,698,720
TOTAL $3,453,650 6,679,€00 13,023,530

Volume/Single Contactor,

‘ cu ft 14,140 14,140 14,140
COST/SINGLE CONTACTOR $ 345,370 $ 333,980 j$ 325,590
* 30 ft diameter GAC tanks; 30 minute EBCT

Source: Gumerman, Culp & Hansen, 1979

Operating & Maintenance Costs Of GAC Systems

Major components of operating and maintenance costs include GAC replace-
ment (for losses incurred during backwashing, handling and reactivation),
GAC contactor operation, regeneration furnace labor and materials, fuel and
miscellaneous expenses. Of these, costs for GAC replacement are the most
significant (7% estimated losses during reactivation at more than 55¢/1b),
followed by fuel (5,200 BTU/1b of GAC reactivated), regeneration furnace
labor and materials, then contactor operation,

Package GAC Columns--

Hansen, Gumerman & Culp (1979) estimated operation and maintenance
costs based on the conceptual design parameters given in Table 50, which
assume that GAC adsorber units can be preceded by filtration and that the
GAC would be replaced with virgin or regenerated carbon once per year.

232



gee

TABLE 57.

CONCEPTUAL DESIGN PARAMETERS FOR PRESSURE GAC CONTACTORS

Plant Total Contactor Vol.*

E;gg) Cgﬁiagiors 8?2;?CE$;) X?::l*fo?zgf?g; 7.5 min r%%&ﬁ?%llgal%Qﬁil Regl?gzmgzig*zsg ft)
1 2 10 157 780 1,570 3,140 1,750

10 12 12 1,357 6,790 13,570 | 27,140 4,800

50 60 12 6,786 33,930 67,860 | 135,720 21,000

*  Volumes determined at bed depths of 5, 10 and 20 ft.

** Assumes that GAC contactors are totally enclosed.

**% GAC contactors sized for 5 gpm/sq ft application rates

Source:

Gumerman, Culp & Hansen, 1979




Backwashing 1s assumed once per week, but the facilities otherwise operate
essentially unattended, except for routine maintenance and monitoring the
performance of the GAC column. No allowance for administrative or for
laboratory labor (other than for minimal routine quality assurance testing)
is included. Estimated operation and maintenance costs for the package 3AC
contactors are summarized {n Table 61.

TABLE 58, CONSTRUCTION COSTS FOR PRESSURE GAC CONTACTQRS*

Total Contactor Vol. ‘cu ft) & Area (sq ft)

Cost Category ggg;izg {gg ?igg? 32:232
Excavation & Site Work $ 530 $ 1,440 $ 6,180
Manufactured Equipment 49,010 409,290 1,944,170
Concrete 2,190 5,650 24,730
Steel 1,130 2,830 12,360
Labor 8,500 55,200 262,400
Pipe & Valves 15,250 135,310 679,880
Electrical & Instrumentation§ 15,630 82,910 429,660
Housing 32,550 125,160 512,400

SUBTOTAL $124,790 817,790 3,871,780
Misc. & Contingency 18,720 122,670 580,770

TOTAL $143,510 940,460 4,452,550
Volume/Single Contactor, ft3 390 565 565
COST/SINGLE CONTACTOR $ 71,760 78,370 74,210
* 5 ft GAC bed depth; 7.5 minute EBCT

Source: Gumerman, Culp & Hansen, 1979

Gravity Flow GAC Contactors - Concrete Construction--

Gumerman, Culp & Hansen (1979) estimated costs for this type of 3AC
contactor (5 and 8.3 ft depths, which equate to 7.5 and 12.5 minute EBCTs,
respectively), which are given in Table 62, Building energy costs are for

heating, ventilating and lighting. Process energy is required for backwashing
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(once/day for 10 min at 12 gal/min/sq ft) and GAC slurry pumping during

carbon removal and replacement (assumes regeneration frequency of every 2

months and a slurry concentration of 3 1b of GAC/gal of water utilized).

gxgcgsstﬁnergy requirements are essentially identical for the two different
epths.

TABLE 59. CONSTRUCTION COSTS FOR PRESSURE GAC CONTACTORS*

Total Contactor Vol. (cu ft) & Area (sq “t'{
(cu Tt) 1,570 13, s
Cost Category (sq ft) 157 1,357 6,786
Excavation & Site Work $ 53 |$ 1,490 {$ 6,180
Manufactured Equipment 55,460 452,720 | 2,161,360
Concrete 2,190 5,650 24,730
Steel 1,130 2,830 12,360
Labor 8,990 58,570 280,050
Pipe & Valves 16,780 147,490 728,540
Electrical & Instrumentation 15,680 82,910 429,660
Housing 41,850 163,000 700,290
SUBTOTAL ' $142,610 914,660 | 4,343,170
Misc. & Contingency 21,390 137,200 651,480
TOTAL $164,000 1,051,860 | 4,994,650
Volume/Single Contactor, ft3 785 1,130 1,130
COST/SINGLE CONTACTOR $ 82,000 87,660 83,240
* 10 ft GAC bed depth; 15 minute EBCT
Source: Gumerman, Culp & Hansen, 1979

Maintenance material costs include costs for general supplies, backwash
pump and SAC transport pump maintenance, instrumentation repair and other
miscellaneous items. The cost for replacement of GAC (lost during contactor
operation and GAC regeneration) is not included. Labor costs include the
cost of operating the GAC contactors, backwashing pumps, GAC slurry pumps,
instrument and equipment repairs and supervision.
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Gravity Flow GAC Contactors - Steel Construction--

Operating and maintenance parameters are the same as for the GAC
concrete contactors. Backwash frequency was assumed to be once/day for 10
minutes at 12 gal/min/sq ft and the GAC regeneration frequency was assumed
to be every 2 months. Makeup carbon is not included in the annual operation
and maintenance costs, listed in Table 63 for both 20 and 30 ft diameter
columns (30 min EBCTs).

TABLE 60, CONSTRUCTION COSTS FOR PRESSURE GAC CONTACTORS*

Total Contactor Vol. (cu ft) & Area (sq ft)
cu Tt) 3,140 27,140 135,720
Cost Category Eﬁq ft) 157 1,357 6,786
Excavation & Site Work $ 530 $ 1,400 $ 6,180
Manufactured Equipment 77,300 749,560 3,560,370
Concrete 2,630 6,780 29,680
Steel 1,240 3,110 13,600
Labor 10,340 67,370 322,060
Pipe & Valves 18,500 221,730 1,120,350
Electrical & Instrumentation 16,420 87,100 451,200
Housing 79,050 303,420 1,332,250
SUBTOTAL $ 206,010 1,440,460 6,835,690
Misc. & Contingency 30,900 216,070 1,025,350
TOTAL $ 236,910 1,656,530 7,861,040
Volume/Single Contactor, ft° 1,570 2,250 2,250
COST/SINGLE CONTACTOR $ 171,520 154,140 143,960
* 20 ft GAC bed depth; 30 minute EBCT
Source: Gumerman, Culp & Hansen, 1979

Pressure GAC Contactors-~
Electrical energy requirements were developed assuming that this type

of GAC contactor serves both as a filter and adsorber. Backwashing require-
ments were assumed to be once/day for 10 minutes at a rate of 12 gal/min/sq
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TABLE 61. OPERATION AND MAINTENANCE SUMMARY FOR PACKAGE GAC COLUMNS
Plant Fiow Energy (kWh/yr) Maintenance Labor Total
qpm gpd Building JProcess Tota] § Material ($/yr)](hrs/yr)iCost* ($/yr)
1.7} 2,500 6,140 120 6,260 § $ 100 100 $1,290
17 25,000 15,460 1,200 16,600 275 100 1,770
70 100,000 30,800 1§ 4,840 35,640 1,000 160 3,670
175 1250,000f 38,500 § 9,690 48,190 2,650 210 6,200
350 |[500,000§ 46,170 §24,210 70,380 4,880 260 9,590

*

Calculated using $0.03/kWh and $10.00/hr for labor cost

Source:

Hansen, Gumerman & Culp, 1979
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TABLE 62. OPERATION AND MAINTENANCE SUMMARY FOR GRAVITY GAC CONTACTORS
1otal Con- Maintenance
tactor Vol,{ Electrical Energy (kWh/yr) Material Labor Total Cost*
(cu ft) uilding T Process | Jotal ($/yr) (hrs/yr) ($/yr)
7.5 minute EBCT; 5 ft GAC bed depth
700 44,120 690 44,810 800 900 11,140
3,500 151,850 3,410 155,260 2,510 1,500 22,170
7.000 279,070 6,820 285,890 4,020 2,100 33,600
35,000 1,190,160 34,080 ( 1,224,240 13,200 4,600 95,930
7G,000 2,165,890 68,150 | 2,234,040 21,600 9,000 178,620
140,000 4,123,490 | 136,540 | 4,260,030 36,700 18,000 344,500
12.5 minute EBCT; 8.3 ft GAC depth
1,160 44,120 690 44,810 800 900 11,140
5,810 151,850 3,410 155,260 2,510 1,500 22,170
11,620 279,070 6,820 ] 285,890 4,020 2,100 33,600
58,200 1,190,160 | 34,080 ] 1,224,240 13,200 4,600 95,930
116,200 2,165,890 68,150 } 2,234,040 21,600 9,000 178,620
232,400 4,123,490 | 136,540 { 4,260,030 36,700 18,000 344,500

*  Calculated using $0.03/kWh and $10.00/hr for labor cost

Source:

Gumerman, Culp & Hansen, 1979
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TABLE 63. OPERATION AND MAINTENAKCE SUMMARY FOR STEEL GRAVITY GAC CONTACTORS*
Maintenance

Contactor | GAC volume,__ Electrical Enerqy (kWh/yr) Material | Labor Total Cost**

Diam. (ft) (cu ft) Building | Process] total 1 ($/yr)  i(hrs/yr) ($/yr)
20 31,400 666,900 | 12,030 | 678,930 § 5,350 3,000 55,720
20 157,100 | 3,385,800 ; 60,170 } 3,445,970 § 21,380 7,000 194,760
20 314,000 6,771,600 §120.340 | 6,851,940 | 37,420 14,000 | 384,180
20 628,000 (12,927,600 {240,680 (13,168,280 | 69,490 27,000 734,540
30 141,300 | 2,668,000 ; 54,150 | 2,722,150 y 16,040 6,800 165,700
30 282,600 ¥ 5,130,000 §108,300 | 5,238,300 | 26,730 13,500 | 318,880
30 565,200 [ 9,750,000 ;216,600 | 9,966,600 § 42,760 26,000 § 601,760

* 30 minute EBCT

** Calculated using $0.03/kWh and $i0.00/hr for labor cost

Source:

Gumerman, Culp & Hansen, 1979




ft. Energy requirements are for backwash pumping, for pumping of spent GAC
to the on-site regeneration facilities and return. GAC was assumed to be
removed and replaced every 2 months. Energy for supply pumping to the 3AC
contactors {s not included, nor are costs for makeup GAC or on-site regenera-
tien. The contactors are assumed to be completely housed. Other parameters
are the same as for the preceeding types of large scale GAC contactors.

Annua] operation and maintenance requirements for pressure GAC contactors
are lTisted in Table 64,

COSTS FOR REPLACEMENT GAC

Costs were developed by Gumerman, Culp & Hansen (1979) for purchase and
placement of virgin GAC for yse in any of the above-discussed GAC contactors.
Figure 81 shows a curve for the total costs of purchase, delivery and replace-
ment of virgin GAC. This curve may be used to derive the complete cost of a
GAC contactor and to determine the cost of makeup GAC lost during contactor
operation and GAC regeneration.

COSTS FOR GAC REGENERATION
Gumerman, Culp & Hansen (1979) estimated costs for GAC reactivation
both off-site (when space limitations or volumes of GAC being regenerated do

not warrant installation of on-site equipment) and the several different
types of on-site GAC regeneration equipment.

O0ff-Site Regional GAC Regeneration - Handling and Transportation

In addition to the capital equipment costs for ozonation and GAC
adsorption discussed above, when GAC is to be reactivated off-site it will
be necessary for the plant to have available carbon dewatering/storage bins.
Two different design configurations were used by Gumerman, Culp & Hansen
{1979) to develop cost estimates for these facilities. Storage bins of
2,000 cu ft and less are elevated, 12 ft diameter, 30 ft height, cylindrical
tanks with conical bottoms, field-fabricated of braced, 0.25 inch, shop-
formed steel plate protected by a suitable coating system. Bins of 5,C0C cu
ft volumes are elevated, 3-hopper, rectangular tanks. For larger storage
requirements, multiple units would be used.

Construction costs for such GAC dewatering/storage facilities are
1isted in Table 65. Not included in these costs are paving for the access
area nor for trucks necessary to haul dewatered GAC to the regional regenera-

tion facility.

A sumrary of operation and maintenance costs for off-site GAC reactiva-
tion is presented in Table 66. The regeneration plant is assumed to be
within 1C0 miles of the GAC-using facility. Annual fuel requirements for
transportation are based on 3.5 miles/gal diesel fuel consumption, and
maintenance materials for the trucks only were estimated at a unit cost of
$0.30/mile. Included in Table 66 are the costs for fuel, labor and mainter-
ance to load spent GAC from dewatered GAC storage tanks to 30 cu yd semi-
dump trailers, haul to the regeneration facility, unload, reload reactivated
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TABLE 64. OPERATION AND MAINTENANCE SUMMARY FOR PRESSURE GAC CONTACTORS
Total Maintenance
Surface Energy (kWh/yr) Material Labor Total Cost*
Area (ft2) Process [ Buildin Total ($/yr) {hrs/yr) ($/yr)
157 916 179,5501 180,470 1,600 2,000 27,010
1,357 7,967 492.,480) 500,450 8,020 3,500 58,030
6,786 39,746 }2,154,60012,194,350 37,420 7,500 178,250

* Calculated using $0.03/kWh and $10.00/hr for labor cost

Source:

Gumerman, Culp & Hansen, 1979




GAC from bulk storage, return to the treatment plant and discharge either to
on-site storage tanks or directly to the GAC contactors. It was also assumed
that all these operations would be accomplished within an 8-hr day. The
costs in Table 66 do not include the costs of regeneration at the regional
facility. These would be charged by the owner/operator at a rate probably
based on the reactivation equipment available, which are discussed below.

107

10™-

GAC cost ~- §

104,

10° 10% 107

GAC quantity — ibs

Figure 81. Material cost for GAC, including cost
for purchase, delivery and placement.

(Gumerman, Culp & Hansen, 1979)

On-Site GAC Regeneration

Gumerman, Culp & Hansen (1979) present details of capital and operation
and maintenance costs for multiple hearth, infrared and fluidized bed 3SAC
regeneration equipment. Conceptual design parameters, construction costs
and operation and maintenance costs are presented in Tables 67 through 75
for each of the 3 types of equipment. A1l regeneration furnaces are assumed
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to be inside buildings, and operation is assumed to be 24 hours/day, 365
days per year.

CONSTRUCTION CCSTS FOR OFF-SITE REGIONAL GAC REGENERATION --
ON-SITE HANDLING AND TRANSPORTATION FACILITIES

TABLE 65.

Un-Site Storage Capacity (cu ft)
Cost Category 1,000 5,000 20,000
Excavation and Site Work $ 210 $ 370 |$ 1,479
Manufactured Equipment 3,240 13,050 50,600
Concrete 1,170 1,750 6,360
Steel 5,630 30,900 122,500
Labor 12,090 29,430 123,640
Pipe & Valves 1,380 3,830 14,990
SUBTOTAL 23,720 79,330 319,560
Miscellaneous & Contingency 3,560 11,9C0 47,930
TOTAL $27,280 |$ 91,230 |$ 367,490
Source: Gurierman, Culp & Hansen, 1979

Kittredge (1980) summarized the economics of GAC regeneration and
described the costs estimated for a fluidized bed 3AC regeneration system
which has been installed at the Manchester Water Works, Manchester, New
Hampshire. This system has a designed operating capacity of 12,0C0 lbs/day
(500 1bs/hr) of regenerated GAC and a projected total operating cost of
6.4¢/1b. The estimated annual operating costs for the Manchester system are
presented in Table 76. Notice that the cost of makeup GAC represents nearly
54% of the total direct costs and 43% of the total annual operating costs.
The need for makeup GAC is caused largely by losses incurred during regenera-
tion. if the frequency of GAC reactivation could be lowered, a significant
savings in GAC operating costs would be obtained.

Kittridge concluded that GAC can be regenerated by several different
methods and options at costs ranging from 5¢ *o 20¢/1b (“or on-site regenera-
tion systems) to the mid-30¢/1b range for off-site custom regeneration
systems.

SUMMARY OF GAC TREATMENT COSTS

Clark, Culp & Gumerman (1980) summarized the most significant cost
factors dealing with GAC treatment systems. Table 77 shows that the costs
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TABLE 66. OPERATION AND MAINTENANCE SUMMARY FOR OFF SITE REGIONAL GAC REGENERATION --
HANDLING AND TRANSPORTATION ONLY

Maintenance

Diesel Fuel* (gal/yr) | Matertal ($/yr) Labor** (hrs/yr) Tota) Cost***($/yr)

GAC Regene WOwmit{25mf (100 m! | 10mf {25 mi §100 mi {10 mi{ 25 mi § 100 m§ 10 mf| 25-mi | 100 mi

rated ?lbs/yr haul hau) } haud haul haul | haul | haul haul haul § haul | haul haul
30,000 5.7 4.3 57 6 20 60 6.8 n 14 80 140 230
150,000 28.6 Nn.g 286 3D 90 320 34 55 70} 380 670 1,150
500,000 97 2431 N no 280 {1,090 }11e 187 23811,310 | 2,260 3,910
1,000,000 194 486 {1,943 210 550 {2,180 | 232 374 476 12,620 | 4,510 1,810
3,000,000 82 1,430 P.BZQ 650 1,640 16,540 | 780 1,200 1,4288,710 P4.280 23,440

*  Based on 3.5 miles/gal for 30 cu yd semf-dump truck

#%  Labor for loading and unloading SAC and for hauling

*a% Calculated using diesel fuel at $0.45/gal and labor at $10.00/hr

+

A1l distances are one way

Source: Gumerman, Culp & Hansen, 1979




of GAC treatment (18 min EBCT) including GAC regeneration, decreases from
13.3¢/1,000 gal at 20 mgd to 10.4¢/1,000 gal at 110 mgd. Table 78 shows a
set of assumptions for installation of separate post-filter GAC adsorbers
(18 min EBCT?; Table 79 shows the costs for post-filter GAC adsorption in
¢/1,000 gal for drinking water treatment plants sized from 1 mgd (51.5¢) to
150 mgd ?11.7¢). These costs are separated into amortized capital cost and
operation and maintenance cost.

TABLE 67. CONCEPTUAL DESIGN PARAMETERS FOR MULTIPLE HEARTH GAC REGENERATION

Furnace Configuration
Effective Hearth No. of Building Area
Area (sq ft) 1.D. Hearths Requirements (sq ft)
27 30 inches 6 750
37 30 inches 6 750
147 39 inches 6 900
359 10 ft-6 in. 5 1,2C0
732 14 ft-6 in. 6 1,800
1,509 20 ft-0 in. 6 2,400
Source: Gumerman, Culp & Hansen, 1979

TABLE 70. CONCEPTUAL DESIGN PARAMETERS FOR INFRARED GAC REGENERATICN FURNACE

Unit Furnace Size, Building Area
Capacity, Width by Length, Requirements,
1bs/day feet sq ft
2,400 4 x 20 480
16,800 7 x 48 2,500
38,400 8.5 x 72 3,900
60,000 9.5 x 100 6,000

Source: Gumerman, Culp & Hansen, 1979

Finally, Figure 82 shows *he variation of total GAC treatment costs
(GAC as post-filter adsorbers in drinking water treatment plants) in ¢/1,0C0
gal with the period of time between GAC reactivation (although the size of
plant and EBCT are not given). It can be seen that reactivation periods of
two months or less result in the highest costs (13¢ to 33¢/1,0C0 gal), but
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TABLE 68, CONSTRUCTION COSTS FOR MULTIPLE HEARTH GAC REGENERATION
Furnace Hearth Area (sq ft)

Cost Category 2] 37 4] 359 132 1,509
Manufactured Equipment | $220,660 J $275,830% 519,830 |5 647,140 §§1,039,660 |$1,304,880
Labor 117,720 147,150 273,280 346,850 557,060 704,210
Pipe & Valves 8,330 8,330 8,330 14,480 23,450 48,800
Electrical and

Instrumentation 8,290 3,340 8,340 9,190 14,930 26,980
Housing 109,670 109,670 124,230 175,100 245,790 334,460

SUBTOTAL $ 464,670 549,320 934,010} 1,192,760} 1,880,890} 2,419,330
Misc. & Contingency 69,700 82,400 140,100 178,910 282,130 362,900

TOTAL $ 534,370 631,720§ 1,074,110 1,371,670 } 2,163,020 § 2,782,230

Source:

Gumerman, Culp & Hansen, 1979
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TABLE 69. OPERATION AND MAINTENANCE SUMMARY FOR MULTIPLE HEARTH GAC REGENERATION
Effective | Regenerated TMaintenanc
Hearth GAC, Flectrical Energy, kWh/yr | Natural Gas | Material { Labor [Total Cost*
Area, ft 1bs/day uilding] Process ] Total l(scf/yr x 106] ($/yr)** {(hrs/yr ($/yr)
27 1,224 14,630 261,400f 276,030 5.80 $ 2,990 900 1§ 27,810
37 1,670 14,630 326,750 1 341,380 7.72 3,740 950 33,520
147 6,624 17,550 424,770} 442,320 26.2 6,410 3,400 87,740
359 13,680 23,400 588,150¢ 611,550 48,26 8,550 6,200 151,630
732 32,400 35,100 849,550 { 884,650 108.40 11,760 [10,500 284,220
1,509 66,960 46,800 |1,307,000 1,353,800 207.75 16,040 Q7,000 496,730

*  Calculated using $0.03/kWh, $0.0013/scf and $10.00/hr for labor.

**  Makeup GAC costs are not included

Source:

Gumerman, Culp & Hansen, 1979
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TABLE /1. CONSTRUCTION COSTS FOR INFRARED GAC REGENERATION FURNACES
Furnace Lapacity (1bs/da
Cost Category 2,400 16,800 38,400 60,000

Manufactured Equipment $160,000 $360,000 $ 620,000 $ 940,000
Labor 48,000 100,000 174,000 235,000
Pipe & Valves 3,500 5,500 7,500 10,000
Efectrical & Instrumentation 21,000 53,000 81,000 113,000
Housing 21,008 60,000 82,000 149,000
SUBTOTAL $ 243,500 578,500 964,500 1,447,000
Miscellaneous & Contingency 38,030 86,780 144,680 217,050
TOTAL COST $ 291,530 665,280 1,109,180 1,664,050

Source: Gumerman, Culp & Hansen, 1979
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TABLE 72. OPERATION AND MAINTENANCE COST SUMMARY FOR INFRARED GAC REGENERATION FURNACE

GAC Regene-

ration Rate Enerqy (kiWh/yr) Maintenance Labor Total Cost*

(1bs/day) Buildin Process | lolal Material ($/yr)\ hrs/yr) ($/yr)
2,400 7,540 701,680 709,220 8,900 2,380 53,980
16,800 39,300 4,522,000} 4,561,300 21,000 4,900 206,840
38,400 61,300 10,206,000 110,267,300 28,000 9,380 429,820
60,000 94,300 115,820,000 j15,914,300 33,600 13,300 644,030

* Calculated using $0.03/kWh and $10.00/hr for labor

Source:

Gumerman, Culp & Hansen, 1979




TABLE 73. CONCEPTUAL DESIGN PARAMETERS FOR GAC REGENERATION -
FLUIDIZED BED PROCESS

GAC Regeneration Reactor Bed Housing
Capacity (1bs/day) Area {sq ft) Requirements (sq ft
6,000 4 1,400
12,000 8 1,800
18,000 12 2,200
24,000 16 2,600

Source: Gumerman, Culp & Hansen, 1979

TABLE 76, SUMMARY OF ESTIMATED OPERATING CCSTS - FLUIDIZED BED 3AC
REGENERATION SYSTEM, MANCHESTER, N.H. WATER WORKS

Item Costs: $/yr ¢/1b
Makeup GAC 115,500 2.75
Labor 9,450 0.22
Maintenance 13,000 0.31
Fuel 21,000 0.50
Power 7,560 0.18
Steam 11,740 0.28
Water 36,290 0.86

Total Direct Cost $ 214,540 5.11 ¢/1b
Depreciation 39,250 0.92
Insurance & Taxes 7,850 0.19
Administration & QOverhead 7,850 €.19

Total Indirect Costs 54,950 1.30 ¢/1b

Total Annual Operating Cost{$ 269,490 6.4 ¢/1b

Notes: 1. Estimate assumes 350 days/yr operation.
2. GAC transport system cost included, with depreciation.
3. Depreciation cost based on 20-year 1ife expectancy.

Sourca: Kittredge, 1980

250




162

TABLE 74. CONSTRUCTION COSTS FOR GAC REGENERATION - FLUIDIZED BED PROCESS
GAC Regeneration Capacity (125 da

Cost Cateqory 6,000 12,000 8,000 000
Manufactured Equipment $ 570,000 3 $ 650,000 {$ 710,000 ; $ 755,000
Labor 180,000 205,000 225,000 240,000
Electrical & Instrumentation 10,9000 11,000 11,000 12,000
Housing 60,000 75,000 90,000 106,000

SUBTGTAL $ 826,000 | $§ 941,000 ¢ $1,036,000 | $1,113,000
Miscellanecus & Contingency 123,000 141,150 155,400 166;950

TOTAL COST $ 943,000 | $1,082,150 } $1,191,400 ] $1,279,950

Source: Gumerman, Culp & Hansen, 1979
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TJABLE 75. OPERATION AND MAINTENANCE COST SUMMARY FOR GAC REGENERATION -~ FLUIDIZED BED PROCESS

GAC Regene- Process Natural Maintenance
ration Rate Energy Gas Material Labor Total Cost*
(1bs/day) (kWh/yr) (sct/yr) ($/yr) (hrs/yr) ($/yr)
6,000 131,400 6,830,700 $ 15,540 2,400 $ 52,360
12,000 262,800 13,660,000 17,940 2,650 70,080
18,000 394,200 20,440,000 19,400 3,050 88,300
24,000 525,600 27,322,860 20,860 3,330 105,450

* Calculataed using $0.03/kWh, $0.0013/scf for natural gas and $10.00/hr for labor

Source:

Gumerman, Culp & Hansen, 1979
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TABLE 77. COSTS OF GAC TREATMENT (18 MIN EBCT), INCLUDING REGENERATION

Type of Type of GAC Size of Treatment j Total Annual ¢/1,000 gal

GAC unit Regeneration Plant, mgd Cost* treated
Pressure off-site 2 $ 117,920 23.1 ¢
Pressure on-site, IR 20 $ 681,180 13.3 ¢

furnace

Gravity, on-site, mul- 75 $2,097,950 10.9 ¢
steel tiple hearth

Gravity, on-site, mul- 110 $2,919,760 10.4 ¢
steel tiple hearth

* Includes amortized capital costs @ 8% (20 yrs), labor @ $10.00/hr, electricity
@ 3¢/kWh and maintenance materials; also natural gas cost @ 0.175 ¢/scf and
diesel fuel @ 45¢/gal, when necessary.

Source:

Clark, Culp & Gumerman, 1980




the total costs decrease much more slowly with reactivation periods from 3
months (11¢/1,000 gal) to 8 months (7¢/1,C00 gal). Thus, pretreatment
concepts which can extend the GAC reactivation period beyond 2 months will
have a significant cost-savings impact on the GAC treatment process.

TABLE 78. ASSUMPTIONS FOR 18 MINUTE EBCT GAC ADSORPTION

Design Capacity (rad)
[tem 1] o 10 100 150
Number of Contactors 3 6 12 40 60
Diameter of Contactors (ft§ 8 12 12 20 20
Depth of Contactors (ft) 13 13 13 14 14
Volume of GAC/Contactor 653 11,469 1,469 | 4,396 4,396
(cu ft)

: Source: Clark, Culp & Gumerman, 1980

TABLE 79. AMORTIZED CAPITAL AND OPERATING & MAINTENANCE COSTS FOR
GAC_ADSORPTION (18-MINUTE EBCT), ¢/1,000 GALLONS

Desian Capacity (magd)

Item 1 5 10 100 150
Amortized Capital Cost 29.4 | 12.7 9.8 4.9 4.6
Operating & Maintenance 22,1 112.6 16.8 7.4 7.1

TOTAL COSTS 51.5 | 25.3 20.6 12.3 11.7

Source: (Clark, Culp & Gumerman, 1980

COST SAVINGS WITH BAC SYSTEMS

As stated earlier, one primary benefit of optimizing biological activity
in GAC adsorber systems involves extending the operating time of GAC adsor-
bers, thus effecting savings in costs for regeneration. In some BAC systems
operating in European drinking water treatment plants, operating lives of
GAC adsorbers are extended 2 to 5 times (Sontheimer, 1979) by incorporating
chemical preoxidation with ozone before GAC adsorption. Schalekamp (1979)
noted that in treating Swiss lake waters for potable purposes, the GAC
operating time 1s only 6 months if preoxidation with ozone is not used.

When ozonation js placed before GAC filtration/adsorption, the GAC can be
used for about 3 years, an increase in longevity before thermal regeneration
is required of a factor of five.
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(Ctark, Culp & Gumerman, 1980)

The question arises, however, as to the cost-effectiveness of installing
a high capital cost, energy-intensive ozonation system ahead of 3AC adsorption
to attain the cost savings which result from extending the period of GAC
use. In order to quantify these savings in GAC regeneration, a basis for
%ompagison and several operating assumptions was developed by J.C. Clark
1979).

The primary direct cost benefit of the BAC process relative to conven-
tional use of GAC with frequent reactivation is the reduction in the number
of reactivation cycles required per year. Temple, Barker & Sloane (1977)
have shown that the majority of GAC operatirg expenses can be attributed to
reactivation. For a typical United States water supply utility, reactivation
costs account for approximately 70 to 75% of the GAC adsorber operating
costs when six reactivation cycles are scheduled annually (2-month GAC
life).
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Accepting this cost basis and drawing upon the information about the
performance of BAC presented above, a useful operating assumption for making
these calculations 1s that the maximized biological activity in the carbon
bed enhanced by chemical preoxidation with ozone (the highest initial cost
chemical oxidant currently in use) will allow a reduction in the number of
reactivation cycles from six to one annually for the attainment of comparable
water quality (GAC useful 1ife extended from 2 months to 1 year).

For the activated carbon adsorber operation, this decrease in number of
reactivation cycles per year will cut annual operation costs by about 50%.
This calculation is based on two key assumptions: first, that each of the
six reactivation cycles adds about 12% (70 to 75% divided by 6, to the
annual operating cost; second, that a utility required to reactivate its GAC
fi1l only once per year will be unlikely to install a smaller, therefore
less efficient, reactivation furnace and carbon transfer facility, and
therefore will face higher costs for a single off-site reactivation cycle
per year than a facility having its own on-site reactivation system and
which reactivates six times per year. Instead, it is assumed that the
utility requiring only one reactivation per year would choose to send its
GAC out for reactivation.

The use of chemical preoxidation with ozone will increase the plant's
operating costs, thereby offsetting to some extent the savings achieved by
the reduction in reactivation frequency. Tre armount of this increase depends
upon whether the plant treatment process already included ozone generation
equipment and contact chambers before the introduction of GAC and also on
the level of preozonation dosage required for the particular raw water
quality to be treated prior to GAC adsorption.

A Hypothetical Case Example (J.C. Clark, 1979)

To i1lustrate the cost savings more accurately and to avoid the generali-
zations in the introductory section above, an exarmple water treatment plant
is used in this section to apply the principles directly. Since one objective
of this report is to assess the potentials of transferring this recently
developed European water treatment practice to the United States, a prototype
U.S. water treatment plant is used as an example with the technical assump-
tions based upon successful European experiences with BAC.

The example plant is described fully in an EPA report (Temple, Barker &
Sloane, 1977). Briefly, the plant supplies a community of 265,000 populaticn
with an average daily production of 50 mgd. The maximum plant capacity is
75 mgd and 1ts treatment process includes conventional prechlorination,
coagulation, sedimentation, rapid sand filtration and post-chlorination.

The capital costs for this plant to add GAC in a post-filtration
adsorber/contactor mode to achieve 9 minutes empty bed contact times have
been estimated at $10 million, whereas simply replacing the sand with GAC in
existing filter beds would cost $5 millfon. These costs include carbon
transfer systems and reactivation furnaces. The associated annual operating
costs, assuming 6 reactivation cycles, are estimated to be $1.1 million for
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GAC post-contactors and $1.3 million for replacement of sand by GAC, including
debt service.

The capital costs of adding an ozone treatment system capable of
applying ozone at dosages up to 2 mg/1 at 50 mgd are shown in this same
report (Temple, Barker & Sloane, 1977) to be $2.4 million. Operating costs
for the full ozonation system (air treatment, ozone generation, contacting
and off-gas destruction) are estimated to total $50,000 per year, including
the savings 1ikely to result from reduced chlorine dosage.

Applying the cost savings attributable to the combination of ozonation
followed by GAC (post-contactor mode) to BAC, a new set of cost calculations
can be made. The basic desfgn assumptions are that the plant would install
an ozonation system capable of applying up to 2 mg/1 of ozone at 50 mgd and
add GAC in the existing sand filter beds, providing a 9 minutes empty bed
contact time. Moreover, the operating costs would include one annual reacti-
vation cycle off-site rather than six cycles on-site.

The resulting capital cost for the ozonation + GAC system would be
about $5.5 million, slightly more than the $5.0 million cost of the conven-
tional GAC system using existing sand filter beds.

Even though the capital costs are a bit higher, the savings are substan-

" tial on the operating cost side. The annual 3AC system operating costs

would decrease by between $500,000 and $600,000, while the ozonation costs
would increase by only some $50,C00. Thus annual operating savings of
between $450,000 and $550,000 would be achieved under the assumed conditions.

When both operating costs and the annual debt service expense on the
capital expenditures are combined, the ozone/GAC system would add $1.1
million per year to the total annual costs of this typical water utility.
This compares to $1.6 mi11ion per year for the conventional GAC system
discussed above, showing the combined ozone/GAC system to be about 30% less
expensive,

Energy Considerations (J.C. Clark, 1979)

Both the reactivation of GAC and the generation of ozone are energy
intensive processes. Although the amount of energy needed to reactivate a
pound of GAC varies according to furnace type and operating practice, rost
estimates are in the range of 3,500 and 7,000 BTUs per pound, with 5,000
BTUs per pound being a frequently estimated average. Estimates of electricity
use for the generation of ozone are generally in a narrower range, with 10.5
kwhr per pound of ozone generated (from air) being a currently accepted
figure. (This fncludes the energy required for air preparation, ozone
generation, controls and instrumentation, but not contacting.) Since 11,000
BTUs are needed to generate one kilowatt-hour in a typical mixture of the
various types of electric generating stations (which generate electricity at
a fuel efficiency of about 33%), each pound of ozone generated requires the
use of 115,500 BTUs of fossil fuel energy (although nuclear generation of
electricity is a lower energy cost substitute).
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... The conventional use of GAC with 6 reactivation cycles per year and 2.6
million pounds of GAC per cycle would use 78 billion BTUs annually, plus the
energy needed to produce the 1.1 million pounds of makeup GAC, which is
estimated to require another 11 billion BTUs. Thus the total energy use by
the conventional GAC system would be 89 billion BTUs annually.

By contrast, the example ozone/GAC system fuel use would consist of one
annual reactivation cycle for the activated carbon, rather than six, plus
the energy used by the ozonation equipment. The single GAC reactivation
would account for 13 billion BTUs plus 2 billion BTUs for manufacturing the
makeup GAC. The ozone generation would require 1.8 million kilowatt-hours
annually, or 20 billion BTUs of primary fuel energy. The total fuel use for
the example ozone/GAC system thus totals 36 billion BTUs annually.

By the measure of energy use, the ozone/GAC system clearly is more
efficient under these assumptions. The use of 36 billion BTUs annually is
only 40% of the use by the conventfonal GAC system of 89 billion 8TUs. If
the GAC reactivation can be prolonged to every two years (as is anticipated
at the Dohne plant, Mllheim, Federal Republic of Germany), the total savings
would be even more substantial. On the other hand, if the amount of ozone
required for preoxidation should be 5§ mg/1 instead of 2 mg/1 to prolong the
GAC reactivation time to one year, then the energy costs for ozone/GAC would
be about equal to those for GAC alone which would require 6 reactivations
per year. In addition, if the types of organic materials present in the
specific raw water to be treated already are biodegradable, such that chemical
preoxidation with ozone is not required and a cheaper oxidant can be used to
provide the same extension of GAC operating life before reactivation is
required (one year), additional cost savings will be effected.

Sensitivity Analysis and Inflation Effects (J.C. Clark, 1979)

The preceding text has noted several assumptions about the operation
and costs of a BAC system operated with chemical preoxidation using ozonation,
as well as the conventional GAC system against which it is being compared.
Since many of these assunmptions may vary somewhat in future circumstances,
the findings shown above need to be discussed in terms of their sensitivity
to key assumptions. In addition, since it appears likely that inflation
will continue, its effects on tradeoffs between capital investment and
operating costs is important to consider in maximizing the benefits of
biological activated carbon systems,

The basic conclusions noted above were that the ozone/BAC system was
30% less expensive on an annual basis than the conventional GAC system, and
that the ozone/GAC design used 61% less fuel. More specifically, the annual
costs were lower due to smaller operating and maintenance costs which, rore
often than not, offset the higher capital costs of the ozone/GAC combination.
This offsetting effect then was annualized to show the combined effect of
the capital, operating and maintenance costs in the first year of the project.

Although these cost estimates have been considered above as if they

were exact figures, they are more accurately considered as midpoints of a
range of 1ikely future costs. This range depends largely on specific
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design assumptions which, in turn, depend upon regeneration frequencies,
19c§1 differences in sites, existing plants, raw water quality, desired
finished water quality, etc. The range of costs can vary under a typical

set of characteristics to plus or minds 2C% of the point estimates noted
above. This range is enough to alter the comparison substantially, depending
upon these factors.

A more 1ikely influence on costs though, is the pace of inflation in
coming years. The basic direction of inflation increases will influence the
comparison between the ozone/GAC treatment corbination and conventional GAC
systems and favors the ozone/3AC system. Inflation will increase future
operating costs, while capital costs will remain as fixed amounts based on
investments made in a particular year.

More specifically, while the ozone/GAC system is 3C% less expensive in
the first year (as shown above), it would become 40% less expensive in the
10th year with an average 7% annual inflation rate. If inflation should
rise at a higher average rate, the ozone/GAC combination will be favored
even more substantially.

Effect Of Operating Variables Cn GAC And BAC Treatment Costs

Clark and Dorsey (1980) reviewed the cost data developed by Gumerman,
Culp & Hansen (1978) to examine the influence of changes in the level of
operating variables on the cost of GAC treatment (18 min EBCT). Losses cf
GAC per regeneration cycle of 6% were assumed. Most variables were fcund to
have a greater impact on smaller than on larger treatment plant costs. The
only exceptions to this finding were reactivation frequency and capital
cost.

Those variabies having the greatest effect on operation and maintenance
costs are the system size, reactivation frequency, activated carbon loss and
GAC cost. Power cost has a greater impact on smaller systems than do some
of the other variables. Figure 83 shows a total GAC system cost versus GAC
reactivation frequency for a 100 mgd post-filter GAC adsorption system at 3
different 3AC costs. Assuming 6C¢/1b for the 3AC being rgactivated at a
frequency of 1.1 months, the total system operating cost is about 16¢/},200
gal (point Py). If GAC cost increases to 80¢/1b, the reactivation per ?
would have to increase to 1.7 menths (point P2) for total costs to remain

constant.

Figure 84 shows an analysis made by Clark & Jorsey (1980) in wh1ch_
ozone treatrent is followed by GAC adsorption. Total production costs in
¢/1,000 gal are plotted against GAC reactivation frequency. These authors
concluded that if the system initially requires regeneration each mon%?
without ozonation, then the addition of ozone would have to decrease fe
reactivation frequency to 2.6 months to break even (pay for the cost o tion
installing ozonation facilities). However, if the system without ozona o e
has an initial GAC reactivation frequency of 2 months, Clark & Dorgeyzgggtion
that no break-even point exists to justify the costs of addition of © .
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(Clark & Dossey, 1980)
Practical Examples

Drinking Water Installations --

Dohne Plant, M#lheim, Federal Republic of Germany--Heilker (1979) has
noted that a BAC process (preozonation, flocculation, sedimentation, ozona-
tion, dual media filtration, GAC, ground passage and safety chlorination)
has replaced the older process (breakpoint chlorination, flocculation,
sedimentation, GAC, ground passage and safety chlorination). Tke older
process used breakpoint chlorination for removal of ammonia; the newer
process removes ammonia biologically.

Heilker's statement regarding cost comparisons between the two processes
is as follows:

"The treatment plants in the Cohne waterworks have been operating for
more than 1.5 years using the revised process. The drinking water
quality has been significantly improved without increasing treatment
costs. The Cohne plant is Tess susceptible to disturbance and as a
result can be operated with 50% of the former staff size. The activated
carbon filter runs are 3 to 5 times longer than before.”
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(Clark & Dorsey, 1980)

' Dohne's new process required doubling the height of the GAC adsorbers,
adding ozone generation facilities and pure oxygen evaporators (for addition
of oxygen after filtration and before GAC adsorption), all of which increased
costs. On the other hand, savings were obtained in the amount of chlorine
used (10 to 15 mg/1 dosages for prechlorination were eliminated), GAC regene-
ration costs (every 4 months with the old process, 1 to 2 years with the new
process), and labor costs (half the former plant operating staff).

Windhoek Process, South Africa--Van Leeuwen (1979) has indicated *hat
the 1 mgd process used at Windhoek, South West Africa to reclaim sewage for
potable purposes, since 1968, involves breakpoint chlorination €ollowed by
2-stage GAC adsorption. Under these circumstances, the GAC must be regenera-
ted every 90 days. By contrast, when breakpoint chlorination was replaced
by ozonation (8.5 to 10.5 mg/1 applied dosage at 95% ozone transfer efficien-
cy) in a 1 mgd pilot plant process, the 3AC was operated for at least one
year without requiring reactivation. This resulted in overall process cost
savings of 13% at 1 mgd, and are projected to reach 24% at 10 mgd. These
cost savings are dependent upon the clarification agent used, lime treatment
being nore costly than ferric chioride. Longer periods of GAC use without
reactivation (greater than 1 year) are expected to result in even higher

cost savings.
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Inclusion of the ozonation unit process added 1.8 to 3.3¢/cu m (6.81 to
12.49¢/1,000 gal) in costs to the 1 mgd treatment line. This caused a
decrease in GAC operating costs of 2.5 to 5¢/cu m (9.46 to 18.93¢/1,CCO gal.
Costs by the old process versus those using ozonation are compared in Table
80 (Van Leeuwen, 1980).

CONCLUSION

Biological Activated Carbon processes can replace breakpoint chlori-
nation for the removal of ammonia in treating drinking water supplies. As
a result, generation of chlorinated organics is eliminated, along with the
attendant increased difficulties associated with removing them once they are
generated, However, the major cost savings associated with BAC processes
involve less frequent necessity for thermal reactivation of the GAC. This
produces two specific cost savings:

(1) savings in energy required with each reactivation cycle and

(2) savings in makeup GAC, which has been lost during the regeneration
cycle.

In European drinking water treatment plants, promotion of biological
activity by preoxidation with ozone extends GAC operating lives by 3 to 6
times. The amounts of ozone required to achieve extension of GAC operating
tife, or to optimize biological activity, must be determined for each water
or wastewater to be so treated.

TABLE 80. COMPARISON BETWEEN TOTAL COSTS OF VARIOUS RECLAMATION PROCESS
CONFIGURATIONS AT NATIONAL INSTITUTE FOR WATER RESEARCH,
PRETORIA, SOUTH AFRICA

Scale Scale
U.S. ¢/cum $U.S./1,000 gal
4,000 40,000 1T mgd 10 mgd
Process Configuration cu m/daylcu m/day
1) Lime clarification, chlorina- 35¢ 16.5 ¢ $1.32 £0.625
tion, 2-stage 3AC (regener-
ated every 3 months)*
P) Lime clarification, ozonation, 33¢ 15¢ $1.25 $0.568
2-stage GAC (regenerated
every 12 months?
B) FeCl3 clarification, ozona- 30¢ 12.5¢ $1.%¢ ¢ $0.473
tion, 2-stage GAC (regene-
rated every 12 months?

* Current process at Windhoek, South West Africa, plant

Source: Van Leeuwen, 1980




SECTION 12
ENGINEERING DESIGN CCNSIDERATIONS FCR BAC SYSTEMS

INTRODUCTION

As a first step, the parameters to be considered in designing biological-
1y eqhanceq GAC systems are the same as those which must be taken into
consideration when designing granular activated carbon beds or columns to
act purely as quorbers. However, there are several additional parameters
related to optimizing the biological aspects of specific organic materials
present in the system being treated which must be considered. These include
cgntro] of_pH and DO levels, pretreatment to remove substances toxic to
microorganisms, and possibly increased frequency of column backwashing
tecause of increased biological growths.

Initially, adsorption isotherms should be rieasured for the organic
components present in the wastewater and which are desired to be reroved.
This can be accomplished by the procedure described by Rodman, Shunney &
Perrotti (1978). Several concentrations of the wastewater to be treated are
allowed to come to equilibrium with weighed samples of pulverized GAC. The
equilibrated mixtures are filtered and the €iltrates are analyzed for the
constituents of concern. Results are plotted on log~log paper, with the
abscissa being in units of impurities remaining in solution and with the
ordinate being in units of impurities adsorbed per unit weight of 3AC.

The phrase "allowed to come to equilibrium” should not be viewed as a
simple matter of several minutes, several hours, or even several days. Peel
& Benedek (1980a) found that the adsorption of phenol required up to 3 weeks
to attain equilibrium, and that o-chlorophenol required up to 5 weeks to
attain equilbrium. Sufficient time rust be allowed for equilibrium conditions
to be attained, in order to result in an accurate measure of adsorption
isothems. The required time to attain equilibrium conditions can vary,
depending upon the nature of the specific organic materials present.

Adsorption isotherms provide a good estimate of the effectiveness of
activated carbon to adsorb the impurities present in the wastewater to a
given level. They also provide an indication qf the maximum amount of
impurities which can be adsorbed by the GAC being tested. Because of this,
adsorption isotherms are helpful in selecting the most su1tab1ehtype of GAC
to adsorb specific impurities. However, it must be rgcognized that adsorption
isotherms are equilibrium measurements, and w11] not indicate how the G?? .
will perform during continuous operation. Continuous flow stud1e? g? pca?e
plant scale are the best way to obtain data from which to design full s

plant adsorbers.
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It should also be borne in mind that wastewaters which contain high
levels of readily biodegradable organic materials usually can be treated
biologically at much lower cost than by GAC adsorption. Appropriate biclogi-
cal treatment of high strength, highly biodegradable wastewaters also will
Tower the amount of GAC subsequently required for adsorption of refractory
contaminants, thereby lowering overall system costs.

After adsorption isotherms have been determined, empty bed contact
times can be developed for the type of GAC best suited to the adsorption of
the particular pollutants to be removed from solution. At this point, those
factogs which will affect biological growth and proliferation should be
considered.

PARAMETERS AFFECTING BIOLOGICAL GROWTH IN GAC MEDIA

The major parameters to be considered in optimizing BAC systems for
treatment of industrial wastewaters are:

(1) Presence of materials which are toxic to biological growths (pesti-
cides, heavy metals, etc.) -- if present, the wastewater must be
pretreated to remove or destroy them,

(2) Chemical nature of materials to be removed (organics and/or ammonia) --
necessity for chemical preoxidation of organic constituents versus
preaeration or preoxygenation,

(3) GAC pore size distribution -- presence of a high proportion of racropores
to house bacteria,

(4) Necessity for sand or other "inert" media filtration before GAC adsorp-
tion -- for removal of insoluble materfals generated by preoxidation
and as support media for possible biological activity,

(5) Need for supplemental oxygenation before GAC adsorption -- to increase
rate of formation of CO2 and maintain aerobic conditions,

(6) Extension of empty bed contact time over that determined by adsorption
isotherms -- usually 11 to 18 minutes EBCT will be required for BAC
versus 5 to 15 minutes for GAC acting by adsorption only,

(7) 1Initial period of operation (several days) required to develop and
establish biological growths. Nitrifying organisms require several
weeks to develop, and may not develop at all if overpowered by other
species which may be present. Necessity for biological seeding and/or
adaptation of biological organisms to organic substrates to be removed
from solution. Possible need to add nutrients (nitrogen and/or phospho-
rus) if feed solutions are deficient,

(8) pH must be maintained between 5 and 9 (preferably between 6 and 8) for
optimum biological activity,
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(9) Methods for controlling BAC media analyti
d -- ytical monitoring for dissolved
organic carbon, TOC, CO» (produced biochemically), d1ssolsed oxygen,
ammonia, nitrate, nitrite, bacterial levels in 3AC effluents, etc.,

(10) Determination of 3AC regeneration
parameters -- breakth -
gates or specific compounds, rough of surro

(11) Backwashing of GAC and prefilters -- need for air
to water backwashing, scouring in addition

(12) Materials of construction,
(13) safety of GAC systems.

be]owEaCh of these design parameters will be discussed in more detail

DISCUSSICN OF SPECIFIC DESIGN PARAMETERS

Raw Water Composition

There are thrge irportant parameters of the raw water being considered
;ggstreatment by biologically enhanced granular activated carbon systems.
e are:

(a) The toxicity of the organic materials present to the biological
organisms present in the support media,

(b) The bicdegradability of the organic materials present (with or
without a preoxidation treatment step), ’

(c) The pH of the aqueous solution to be treated.

If materials are present which are toxic to biological growth, they
must be removed from solution in order that biological growths in the inert
media filters and GAC adsorbers may survive and proliferate. Common toxicants
include heavy metals, cyanides and certain organics such as persistent
pesticides (polyhalogenated materials).

If the organic materials present are not biodegradable but are adsor-
bable, they will be adsorbed by SAC. However, as soon as the GAC medium
becomes saturated with these compounds, they will break through and reactiva-
tion will be necessary. On the other hand, if chemical oxidation will
render these refractory organics even slowly biodegradable, then they can
become nutrients for the bacteria present. As a result, the useful adsorption

1ife of the GAC adsorbers will be extended.

Preliminary batch testing using ozonation will indicate whether a
chemical preoxidation step will enhance the biological removal of organic
contaminants. The biodegradability of the wastewater to be treated should
be measured (say by oxygen uptake) before ozonation and then again after
ozonation at various dosage levels. If the biodegradability does not increase
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upon oxidation, then biological activated carbon will be no more effective
than treatment with GAC acting as an adsorber alone.

In conducting these preliminary biodegradation batch tests, care
should be taken to use microorganisms which have become acclimated to the
oxidized organic contaminants.

Biological growths occur best at pH 6 to 8 and not at all at high or
1ow pH vaiues. Therefore, acid or alkaline wastewaters will have to be
adjusted to this pH range before passage through GAC. In addition, if
pretygatmgnt of the wastewater {is necessary, this pH factor must be
considered,

Type of GAC

The GAC utilized for treating the specific wastewater should have a
high adsorptive capacity for the particular organic materfals present. In
addition to this, the work of Eberhardt, Madsen & Sontheimer (1974) at the
Bremen, Federal Republic of Germany waterworks showed that GAC which contained
a high proportion of macropaores removed a higher proportion of DOC from
solution than did GAC containing a smaller percentage of macropores. Norral-
1y, macropores in GAC constitute about 1% of the total surface area. The
more effective GAC used by Eberhardt, Madsen & Sontheimer (1974) contained
about 2% macropores. At biological equilibrium, the 2% macropore GAC removed
about 50% of the DOC present, compared with only 25% to 33% DCC removal
using GAC containing 1% nacropores.

These data indicate that research should be conducted on GAC which has
been designed to contain even higher levels of macropores.

Necessity For Filtration Before GAC Adsorption

In European drinking water treatment plants, it has been noted that
ozone oxidation causes "microflocculation" of dissolved organic materials.
This is explained on the basis of oxidative formation of carboxyl, alcohol
and aldehydic groups, which are capable of forming hydrogen bonds with
similar groups present in other organic molecules (Maier, 1979). Such
hydrogen bonding effectively increases the molecular weights of dissolved
organic materials present. If these molecular weights become sufficiently
high, the materials will come out of solution in the form of flocs.

Furthermore, polar carboxyl groups are capable of 1jnking with inorganic
cations normally present in water, e.g., calcium, magnesium, iron, aluminum,
etc. Such Tinkages with polyvalent inorganic cations also cause precipitation

of dissolved organic materials.

Formation of such insoluble materials can be significant, aqd, therefore,
can cause fouling of GAC adsorbers, blinding of the adsorption sites, or
simply cause premature headlosses. As a minimum, buildup of such insoluble
materials can require that the GAC adsorbers be backwashed more frequently
than would be necessary in the absence of these insoluble materials. Thus,
in those cases when chemical preoxidation is required, or when chemical
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flocculants are added in pretreatment, a filtration step should be inserted
prior to GAC adsorption.

Need For Supplemental Oxygenation Prior To GAC Adsorption

When one atom of dissolved organic carbon is converted into 1 molecule
of C02, 2 atoms of oxygen (1 molecule) are required. When 4 atoms of hydrogen
(the maximum number which can be associated with the dissolved organic
carbon a*om) are converted to water, still another molecule of dissolved
oxygen is required. To convert 1 molecule of ammonium ion to nitrate ion,
hydrogen 1on and water stoichiometrically requires at least 4.57 molecules
of dissolved oxygen.

For these reasons, it is important that sufficient dissolved oxygen be
present in solution so that biochemical oxidations can proceed as nearly to
completion as feasible. The solubility of oxygen in water when added by
aeration is between 6 and 10 mg/L, depending upon the water temperature. On
the other hand, when pure oxygen is added to water, dissolved oxygen concen-
trations as high as 45 to 55 mg/L can be achieved, again depending upon the
water temperature.

Therefore, 1t is important for the wastewater treatment chemist to know
the biodegradability of his wastewater, so that sufficient oxygen can be
provided to maintain the biological organisms in an aerobic condition. He
should also know how much biodegradation occurs in the inert media filters,
so that sufficient oxygen can be supplied prior to this treatment stage as
well.

Dissolved oxygen requirements can be determined by measuring oxygen
uptake in a Warburg type of apparatus. When conducting such measurements,
howaver, it is important to be sure that the bacteria used have had time to
adapt to the particular organics present. Cepending upon the amount of
biodegradable materials present in the wastewater, provision should be made
to provide sufficient DO in the GAC influent so as to maintain a level of 20
in the GAC effluent of at least 3 mg/L (Sontheimer, 1978). At the Cohne
drinking water plant (Milheim, Federal Republic of Germany), for example,
the CO in the GAC column effluents is controlled at 7 to 8 mg/L (Heilker,

1979b).

If chemical preoxidation of the wastewater is required, the use of
ozone generated from oxygen will provide a higher DO level than will ozone

generated from air.

Empty Bed Contact Time

Adsorption of dissolved organics by GAC is a rayid process. Therefo-e,
empty bed contact times of GAC columns which act strictly as adsorbgrs )
normally are on the order of § to 15 minutes. On the other hand, biological
oxidation processes are slower than adsorptive processes, and longer EBCTs
are required. In the Federal Republic of Germany, for example, GAC columns
2 meters high were first installed in drinking water treatment plants in
Disseldorf and in Milheim for taste and odor control and for dechlorination,
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respec?ively. When the benefits of biological activity in GAC media were
recognized, however, the depths of the Dlisseldorf and Miilheim GAC columns
were.dOub1ed to 4 meters. Not only did this produce longer EBCTs, but also
provided greater adsorptive capacities for trace organics. On the other
hand, capital costs for GAC are approximately doubled, as are costs for the
initial charges of GAC.

On the basis of European drinking water treatment plants using BAC
systems, jt appears that EBCTs of 7 to 10 minutes are optimum for maximizing
the benefits of biological activity.

Initial Period Of Biological Adjustment

From European drinking water experiences, virgin GAC columns require
several days to a week of feeding with water to be treated in order for
significant biological activity to develop which converts COC to CO2.
Nitrifying organisms require even longer to develop, on the order of 2 to 3
weeks. It is probable that some industrial wastewaters will contain specific
organic components which require even longer for adaptation of microorganisms.
For example, Benedek et al. (1979) have shown that after ozonation, solutions
of p-nitroaniline are not readily biodegradable (as measured by oxygen
uptake rate) until after about 3 weeks of acclimation of the microorganisms.
These microorganisms previously had heen acclimated to p-nitroaniline.

Once the bacteria have adapted to the particular industrial wastewater,
however, continuous operation of GAC systems should be easily maintainable.

Analytical Monitoring

Measurements for specific contaminants of the industrial wastewater
being treated, COD, TOC, ammonia, dissolved oxygen, etc., In the influent
and/or effluent of the GAC adsorbers are apparent. In addition to these
determinations, however, it is also helpful to analyze effluents from
biologically operating filtration or GAC adsorption media for carbon dioxide
content (which can be followed in some cases by accurate determination of
pH). By comparing the amount of inorganic carbon produced (the amount of
elemental carbon contained in the CO2 measured) with the amount of dissolved
oxygen being consumed during the same period of time, one can determine that
his treatment system is or is not in biological gqu111brium. At biological
equilibrium, the ratio of DO consumed to inorganic carbon produced will te

close to 1.

Knowing the ratio of inorganic carbon produced to the amount of orcanic
carbon removed from solution also is useful. If this ratio is greater than
1, more COo is being produced than organic carbon is being removed from
colution. This situation indicates that biological regeneration of some of
the active adsorption sites of the GAC is occurring. Conversely, when the
ratio is less than 1, this indicates that more dissolved organic carbon 1is
being removed by adsorption than by biochemical decomposition.

rtant to provide suffi-

indi d in preceeding sections, it 1s impo i
A enes g : " *he Yacteria in an

cient DO to the solutions being treated to maintain
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aerobic state. Since industrial wastewaters fed to GAC adsorbers are
egpected to contain considerably more DOC than drinking waters, it Tikely
will be necessary to add pure oxygen before sand or other inert media filtra-
tion. This can be accomplished during ozonation, in the event that chemical
preoxidation with ozone is chosen as a pretreatment step, by generating the
required ozone from pure oxygen.

Monitoring the sand or inert medium filter influents and effluents for
dissolved oxygen also will be necessary, so as to determine the amount of -0
consumed biologically during filtration, as well as to determine the amount
of additional oxygen necessary to be added prior to passage of the solution
through biologically enhanced 3AC.

GAC Regeneration Parameters

GAC regeneraticn parareters should be developed on the basis of the
specific organic materials which must be removed from the wastewater and for
which GAC was selected as the treatment process to deal with them. If
chlorinated organics are the contaminants to be removed, for example, then
GAC reactivation frequency should be based upon their breakthrough. Once
the specific polluting contaminants to be removed have been identified, then
specific or surrogate chemical analytical procedures can be developed for
Tower cost monitoring. The use of TOC as a surrogate analysis probably will
be a useful procedure in this regard.

It should be recognized that the objective of GAC treatment is to
remove those contaninants which can be removed by adsorption; the objective
of promoting aerobic biological activity in the GAC is to remove as much of
the biodegradable fraction as possible. Under ideal circumstances, break-
through of the GAC system will be determined only by those chemicals which
are adsorbed but which cannot be made biodegradable. If break:through of
biodegradable organics occurs first, this means that the system has not yet
been designed optimally.

Backwashing of Filtration Media and GAC Adsorbers

Air scouring is used initially during backwashing in all European R
drinking water treatment plants known to be using biologically enhanced SAC
adsorption processes. Air scouring is required to loosen the biclogical
growths adhering to the filtration or GAC media. In actuality, air scouring
is more akin to "bumping”, and as soon as the agglomerated filtration or SAC
medium has been broken up by such bumping, then backwashing is continued

with water.

Biologically operating European sand filters normally are backwashed
first by air scouring, then with a mixture of air plus water, then with
water alone. In backwashing 3AC media, however, air scour then water
backwashing is practiced. Apparently the density of GAC is too Tow to a1}ow
use of the (air + water) treatment without incurring significant losses o

GAC.
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.Air.scour or air backwash is a concept which has found considerable
application recently in wastewater treatment, but l{ttle or no application
in United States drinking water facilities. In water treatment practice,
the combined effects of heavy prechlorination dosages as well as so-called
surface washing have been sufficient to enable satisfactory filter cleaning
during the backwashing cycle.

A report of the American Water Works Association Subcommittee on
Backwashing of Granular Filters (Cleasby et al., 1977) recommends provisions
for air scour or for surface wash when conditions exist such as those which
occur with biological activity promated in the beds. While surface wash
units are common in modern U.S. water treatment plants, air scour systems
are not. Cleasby et al. (1977) categorized backwashing methods as follows:

(1) High rate backwash - full bed fluidization and substantial bed expansion
(20 to 50%) normally is preceeded and followed by a lcwer rate backwash.
This backwash system can be used for single or multi-media filters.

(2) Low rate backwash with 1ittle or no bed fluidization 3r ted expansior -
auxiliary scour is essential to low rate backwash. This backwash
system can be used for single medium filters only.

(3) Water backwash with surface water wash only.
(4) Water backwash with air auxiliary:

(a) Air scour followed by low rate water backwash - for use wih
single medium filters only.

(b) Air scour followed by high rate water backwash - for use with
single and multi-media filters.

(¢) Simultaneous air scour and low rate water backwash, followed by
high rate water backwash alone - for use with single medium
filters alone.

(d) Simultaneous air scour and low rate water backwash, followed by
high rate water backwash alone - for use with single and multi-
media filters.

It appears that filter backwash techniques rust be reviewed if chlorina-
tion ahead of filtration {s discontinued. Based on the AWWA Filtr§t1on
Committee's findings and Europezn practice, provisions of either air scour
or surface wash appear to be necessary. Provision of surface wash without
prechlorination would appear to result in shorter filtration runs with
associated increases in operating costs. For example, a m1dwgst water
treatment utility with filters equipped with surface wash estimated a recuc-
tion in backwach cycles from 60 hours to 30 hours. Conversion of a filtration
system from water backwash to water backwash with air auxiiiary would require
compiete reconstruction of existing filter bottoms to accomodate the air

distribution systems.
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In those European water treatment plants in which biologically enhanced
GAC has been installed to replace breakpoint chlorination followed by GAC
later in the process for dechlorination (for example, at the Cohne plant,
MUlheim, Federal Republic of 3ermany), both the sand filters and the 3AC
adsorbers have been found to be able to operate nearly twice as Tong without
breakpoint chlorination and with ozone preoxidation before backwashing
becomes necessary. This is clear indication that the anticipated biological
fou11ng of fi]gers when prechlorination is eliminated may not occur, or, if
it does, that it may be controlled by the low level preozonation required to
promote aerobic tacterial activity in the filter and adsorber media.

The frequency with which backwashing of biologically enhanced filters
or GAC adsorption media will be required usually is determined by headlosses.
However, at the Cohne drinking water treatment plant (Milheim, Federal
Republic of Germany), filter runs as long as 1 week could be achieved before
headlosses built up sufficiently to require backwashing. On the other hand,
during the summer of 1978, a "population explosion” of nematodes was observed
to occur in the rapid sand filters and 3AC adsorbers. Since the reproduction
cycle of these organisms is just over 3 days, it was concluded that nematode
developrent was a result of the more than one week backwashing intervals.
When backwashing intervals were lowered to 3 days, the nematodes disappeared
corpletely (Heilker, 1979).

Valencia and Cleasby (1979) have recently published an excellent
discussion of velocity gradients in granular filter backwashing, which
provides the engineer with a valuable tool for analyzing shear forces in
filter beds and their effacts upon the media cleaning process.

Materials of Construction

Sranular activated carbon systems will cause corrosion problems if they
are not anticipated and provided for in the original design. It is not
expected, however, that there will be any significant increase in corrosion
behavior of GAC media as a result of operating with maxinized biological
activities. Perhaps the best source of information as to ant1~corros19n
measures to be taken is the carbon supplier himself, as well as operational
plants where GAC has been in use.

At the new Kralingen drinking water treatment plant in Rotterdam, The
Netherlands, the granular activated carbon adsorbers are constructed of
carbon steel, but are coated on the inside with a proprietary coating. GAC
is supported on a coated steel plate with plastic nozzles inset in the plate

to provide flow distribution (Rice et al., 1979).

Heilker (1979) has described construction and corrosion inhibition
aspects of the GAC adsorbers recently eq1arged and rebuilt at tge Dohne
drinking water treatment plant in MUlheim, Federal Republic of SGermany.
Steel GAC adsorbers were selected initially, because they were better
suited for overall process design and were easier to work with in modifying
existing water treatment plants. However, corrosion problems caused high

repair costs.
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After 10 years of testing different adsorbers with additional cathedic

Sorrosion protection, a method has been adopted at Miilheim which offers

nearly comp]etg pratection against defects”. The 12 double-staged adsorbers
are being modified as follows: all interior welded seams are being straigh-
tened and ground. Rust is being removed by sand blasting. Condensate is
prevented by aeration during coating. Solvent-free epoxy resin, resistant
to abrasion and to ozone, is used, and a 450 to 500 um layer is applied.
The poreless coating is tested with 1.5 to 2 kV.

Further experimentation has shown that the interior adsorber surfaces
can be "completely protected" if a combined cathodic protection with sacrifi-
cial anodes is used and the electric power supply is transmitted over plati-
num-covered titanium anodes.

Costs for all corrosion protective devices being applied to GAC adsorbers
at Milheim amount to approximately 10% of the total cost of the treatment
plant modifications required to convert the old (breakpoint chlorination)
process to the BAC process recently installed (Heilker, 1979).

Mechanical Considerations

Culp (1980) reviewed GAC use in advanced wastewater treatment (AWT)
systems and pointed out that the experfence has varied from excellent to
very poor. Culp also states that the failures of 3AC systems in AWT applica-
tions have not stemmed from deficiencies in the basi¢ GAC processes of
adsorption of organics, but, rather, from mechanical problers, which have
included:

® failure of GAC column linings due to improper installation or faulty
material,

] corrosion of GAC storage tanks,

’ corrosion of surface wash equipment and other metal parts in GAC
contact tanks,

) numerous failures of GAC column underdrains, where the wrong type of
sand filter type underdrains had been installed, or where the installa-

tion was defective,

° failure to make provisions for maintaining aerobic conditions at all
times in the GAC column influent water,

® failure to provide means for excluding air or venting‘air from GAC
column backwash lines prior to initiation of backwashing,

® lack of adequate means to dewater and feed measured amounts of spent
GAC to the reactivation furnace,

® corrosion of furnace parts,
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® installation of sub-standard or defective refractories in reactivation
furnaces,

° improper installation of furnace refractories,

0 inadequate pretreatment of wastewater prior to application of GAC,

0 lack of adequate means for GAC movement and conveyance, apparently due
ézcthe lack of knowledge concerning the physical handling properties of
Culp (1980) concludes that any and all of these rather serious problems

could have been avoided.quite easily by proper application of the best

current engineering design knowledge and practices for GAC systems.

Taking GAC Filter/Adsorbers Out Of Service

Plant personnel at European drinking water treatment plants which have
been using granular activated carbon for some years advise that GAC colurns
or beds that have been in plant operation should not be allowed to stand
idle or off-l1ine for more than one day. If this caution is not heeded, the
biomass in the activated carbon medium changes and when the unit is placed
back in-line, contamination of the product drinking water occurs. When
operating units are taken out of service, the activated carbon is sent for
reactivation. If the units are to be taken off-Tine only for a few days,
water is passed through the units continuously until they are placed back in
Tine (Engels, 1978, Private Communication).

Safety Considerations of GAC Adsorbers

Strudgeon et al. (1979) have discussed several serious accidents which
have occurred with GAC systems and which have resulted in at least two
fatalities. These accidents occurred in adsorbers which contained wet GAC,
which is an excellent adsorber of atmospheric oxygen. In two instances,
workers apparently entered enclosed GAC adsorbers without positive pressure
masks to provide oxygen and were suffocated because of the lack of sufficient

oxygen.

Other potential hazards associated with GAC systems include the
following:

(1) GAC in dry form contains significant quantities of fines and dust. As
a result, all GAC handling systems pose the possibility for creating a
dust explosion hazard, unless precautions are taken.

(2) If biological growths within 3AC adsorbers are allowed to become
anaerobic, and if sulfates are present, quantities of HpS can be
generated. This toxic gas alse can pose a hazard to workers entering
the adsorbers, although its presence usually can be readily detected

nasally in small quantities.
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(3) When dry and confined, GAC provides a relatively solid footing.
However, after having been fluidized with the proper amounts of water,
it has the characteristics of a mixture with virtually no support, thus
allowing a heavier weight to sink within the mixture. The term "quick-
sand effect" has been applied to this meretricious behavior of GAC and
similar systems.

(4) GAC also will "bridge", as sofl does, and personnel entering a GAC
vessel must insure that the bed is well drained and that bridging has
not developed, which possibly could collapse and bury the individual.

Alternative GAC Adsorber Designs

Recently, Carnes and Burstein (1980) have addressed all of the engineer-
ing factors involved with designing GAC adsorption systems. This elegant
treatise should be consulted by those wishing more detailed information on
this subject. In addition, Bernardin (1980) has discussed the subject of
problems and solutions of granular activated carbon operations.
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APPENDIX A
AUBERGENVILLE PLANT (SUBURBS OF PARIS, FRANCE)

BACKGROUND

The Aubergenville water treatment plant of the Société Lyonnaise des
Eaux et de 1'Eclairage (SLEE) produces approximately 100,000 cubic meters of
water per day (26.4 mgd) from 23 wells which are situated along the south
s1geE(;eft bank) of the Seine River downstream of Paris, between Les Mureaux
and Epdne.

1961 CONSTRUCTION

The plant was designed to treat groundwater drawn from an area between
the Seine River and the Alluets Forest by means of wells driven in the
Senonian limestone strata. The groundwater initially contained only a small
amount of ammonia and iron with iron bacteria. The original treatment plant
which was placed in service in 1961 included the following process steps:

§ag cascade aeration

b) biological nitrification

(c; filtration

(d) post-disinfection with chlorine dioxide.

A few months of operation caused a drawdown of the groundwater level of
the originally high quality water source. This resulted in an intrusion of
groundwater from other sources, particularly from the Seine River. The
quantity of flow from the Seine was accentuated by increases in the river
level due to the construction of reservoirs and locks to allow passage of
larger barges in the Seine. As a result, water from certain wells developed
unpleasant tastes and exhibited increased levels of organic matter, detergents
and bacteria. In particular, there was a large increase in the number of

filamentous iron bacteria.

1969 ADDITIONS

Major additions to the treatment plant were made operational in 1969.
These modifications included chemical clarification ahead of nitrification.
Chemical addition ahead of clarification included aluminum sulfate for
coagulation, activated silica for flocculation and powdered activated carbon
for elimination of detergents, organics and bad tastes. Facilities were
provided to enable ozonation of the water after the filtration step. Ozone
addition is for taste and odor elimination, virus inactivation, removal of

micropollutants and detergents.
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Since 1969, the treatment process has been as follows: chemical

clarifjcqtion, cascade aeration, biological nitrification, ozonation and
post-disinfection with chlorine. In Figure 85 the treatment process schema-
%;;g of this plant are compared from 1961 to 1969, then from 1969 until

DETAILED PLANT DESCRIPTION

(a)

(b)

(c)

(e)
(f)
(g)

Twenty-three, 30-meters deep wells, each producing 30 to 40 cubic
meters per hour of water.

Chemical Addition:

Aluminum sulfate - 10 mg/1
Activated silica - 2 mg/1
Powdered activated carbon- 10 mg/1

Four, 1,5C0 cubic meters/hour Pulsator flocculator-clarifier units.
Each unit is 22.3 x 21.6 x 5.1 meters water depth.

Cascade aeration.

Twenty-one biological nitrification units {described in detail below).
Gravity sand filtration - 5 cubic meters/sq m/hr.

One ozonation system, consisting of the following components:

Two, 440 cu m/hr variable speed, positive displacement blowers.

One, water-cooled, heat exchanger type, after-cooler,

One, Freon refrigerant-cooled drier to reduce air temperature to 5°C.

One, 2-cell, activated alumina desiccator drier to reduce air dew point
to minus 60° C.

One, 550 tube, horizontal tube, Welsbach water-cooled ozone generator
operating at 50 Hertz, with a production capacity of 22 kg of ozone per
hour. -

One, 2-compartment, countercurrent flow (ozone/water), 5 meters water

depth, porous tube diffuser, ozone contactor. Each compartment provides
6 minute ozone contact times, with an overall ozone contact time of 15

minutes. Total ozone dosage - 0.5 mg/1.
Cne, 200°C contactor off-gas ozone destructor.

Post-disinfection - Chlorine is added at a booster pump station 189
meters from the plant.
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Figure 85. Aubergenville water treatment plant. Process Jiagrams.
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Biological Nitrification System

The details of biological nitrification at Aubergenville are as follows:

There are 21 nitrification beds at the Aubergenville plant, each with
dimensions of 4.9 m (16.1 ft) by 5.9 m (19.3 ft) for a surface area of
28.9 m (311 ft), They have the following characteristics:

Bed depth is 2.5 m (8.2 ft).

Filtration rate at design flow is 11.65 m/hr (4.76 gpm/sq ft).
Upflow type.

Intermittent aeration, on for 2 minutes and off for 6. This 6
minute aeration time is less than the time required for water *o
pass acrass the filters. This mode of aeration decreases the
bicarbonate equilibrium by decreasing the quantity of CC, eliminated
by stripping and does not hinder nitrification.

The filter material used {s pozzolanic (volcanic stone) with a
grain size of 3.5 to 0.15 ¢m.

Aeration is accomplished by blowing air through the bed.

The quantity of phosphorus added is between 0.1 and 0.2 mg/1,
expressed as Po0s. A phosphorus residual is not detected at the
outlet.

Nitrification beds are backwashed with water, once per week.
Once every six months, the media are dosed with hypechlorite to
eliminate filamentous bacteria. This dosing is carried out for
24 hours. Reseeding of the filter then requires one week.

Once every two years the media are removed from the beqs,.washgd
in media scour and put back in place. Reseeding then is immediate.

Efficiency: An influent ammonia concentration of 3 mg/1 is
reduced further to only trace quantities of ammonia after sand

filtration.
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APPENDIX B
CHOISY-1e-ROI (EDMOND PEPIN PLANT), SUBURBS OF PARIS, FRANCE

BACKGROUND

This plant currently is designed to treat 800,000 cubic meters per day
(211 mgd) of River Seine water and has an average daily flow of 470,000 cu
m/day (124 mgd). 1In 1961 the first 300,000 cu m/day leg of the plant was
installed, and by 1969 the balance of the 800,000 cu m/day treatment capacity
was operational. OQzonation was installed in 1967 for color removal, taste
and odor control, removal of phenols, detergents, polyaromatics, micropollu-
tants (dissolved organic materials) and for bacterial disinfection and viral
inactivation. The plant is owned by the Syndicat des Communes de la Banlieue
de Paris pour les Eaux, a public agency, but is operated under contract by
the Compagnie Générale des Eaux.

ORIGINAL PROCESS (Chédal, 1976)

Seine River water (which commonly contains 6 to 10 mg/1 of total
organic carbon), is chemically treated with flocculant (hydrolyzed aluminum
chloride), powdered activated carbon, then by breakpoint chlorination (for
ammonia removal), with sodium hydroxide for pH correction and chlorine
dioxide for destruction of organic manganese complexes. Following addition
of these chemicals, the water is treated by sedimentation and rapid sand
filtration, dechlorinated by addition of sodium bisulfite, then ozonized (2
to 5 mg/1 applied dosage, average dosage 4 mg/1) and treated with chlorine
to provide a residual disinfectant for the distribution system.

In 1977, the post-disinfectant was changed to chlorine dioxide to
provide a more stable distribution system residual.

This process has the disadvantage of producing chlorinated organic
materials which are not readily removed during subsequent processing ner by
the dechlorination step.

BIOLOGICAL REMOVAL OF AMMONIA

Gerval (1978) has described experiments which have led to replacement
of the breakpoint chlorination step by a biological rrocess for the conversion
of ammonia to nitrate. This is done by preozonizing the raw Seine vaer
water as it enters the plant raw water reservoirs. After preozonation, the
water is retained about two days in the raw water reservoirs before being
treated further by addition of the same chemicals as used in the old process,

with the exception of chlorine and sodium bisulfite.
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The preozonation step itseif involves addition of low levels

(gp to 1.25 ng/1) over a short contact time (2 minutes). 1In Tab]eogloigge
1isted values obtained for detergents, organic carbon, C0D and ammonium ion
concentrations coqtalned by the raw water, by the water after 2-day storage
with no preozonation, and by the water after preozonation (1.25 mg/1 ozone
dosage) plus 2-da¥ storage. The contents of detergents and CCD are nearly
halveq, the organic carbon content is lowered from 8 to 7 mg/1 and the
ammonium content is lowered from 4 to 3.2 mg/1 by preozonation followed by
2-day retention. Nitrification now also can occur in the sand filters.

. Several advantages have been realized from the preozonation treatment
which produce savings in both chemicals and processing costs, as well as
producing a higher quality finished water. First, the post-ozonation dosage,
required for viral inactivation, can be lowered by at least 20%. According
to French public health standards, whenever ozone is used for disinfection
purposes, it must be applied under the following conditions: after satisfying
the initial ozone demand and attaining a 0.4 mg/1 of residual ozone in the
water, this 0.4 mg/1 residual then must be maintained for a minimum of 4
minutes. In plant practice, this residual normally is maintained 6 to 12
minutes, to be certain of meeting the 4 minute requirement. This treatnent
standard for viral inactivaticn is based on the pioneering work of Coin et
al. (1964; 1967) and is further described by Miller et al., (1978).

Gerval (1978) states that by the old treatment process, without preozona-
tion, the average ozone dosage necessary to provide viral inactivation (to
attain and maintain 0.4 mg/1 of dissolved ozone) was 4.2 mg/1. During the
period of time the pilot plant studies were conducted employing .25 mg/1 of
preozonation, the average amount of ozone required for post-ozonation was
halved, to 2.1 mg/1. Thus the total amount of ozone dosage required was
1.25 mg/1 preozcnation plus 2.% mg/1 post-czonation, or 3.35 mg/1, & savings
of about 20%.

Preozonation also was found to lower the amount of process chemicals
normally added, not only by eliminating the need for chlorine (used in the
breakpoint step) and sodium bisulfite, but also because of the flocculation
effect caused by ozone oxidation which lowers the amount of flocculant,
powdered activated carbon and chlorine dioxide required. In addition, the
tire between backwashings of the sand filters was doubled. Finally, when
the amronium ion concentration in the inlet water was not greater than 1
mg/1, the ammonia level in the sand filter outlet did not exceed 0.1 mg/1.

As a result of these process improvements, it s now possible for the
Choisy-le-Roi plant to employ very low levels of chiorine for post-disinfec-
tion and formation of residual for the distribution system. Using the
modified process which includes the preozonation technique, organic halogen
compounds (probably trihalomethanes) were less than 10 microg/1 in the pilot
plant work reported by Gerval (1978).

Preozonation of raw water followed by retention over a period of time
to allow biological activity to lower the contents of ammonia and organic
carbon, as well as to allow reductions in levels of chemicals added and
reduction in the amount of ozone required for viral inactivation has been
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practiced for several years at the Moscow, Russia water treatment plant
(Schulhof, 1979). Based on the successful use of the process in Moscow,
preozonation is being installed to replace breakpoint chlorination at the
Choisy-l1e-Roi plant in the Paris suburbs. The process is scheduled for
full-scale operation in 1980 (Schulhof, 1979). In addition, pilot plant
studies are being conducted at other water treatment plants in the Paris
suburbs and at most of the large scale water treatment plants operated by
Compagnie Générale des Eaux (Le Pauloud, 1978).

Figure 86 shows the comparative schematic diagrams of the treatment
process used at Cholsy-le-Roi in 1978 and the modified process which includes

preozonation.

TABLE 81. EFFECT OF PREQZONATION (1.25 mg/1) BEFORE STORAGE

Detergents |Organic C coD [NH4+;
(ra/1) {mg/1) 1(mg/1) | (mg/1

3Raw water 0.16 8.3 19 6.2

2-day storage
(no preozonation) 0.13 8 11 4

2-day storage
with
reozonation 0.08 7 6 3.2

Source: Gerval, 1978

A recent article by Schulhof (1980) gives more details of the benefits
of preozonation at Choisy-le-Roi and two other suburban Paris plants and the
improvements being incorporated at these three plants to maximize biological
removal of pollutants in (1) preoxidized reservoirs ahead of the treatment
processes (2) in biologically operating sand filters and (3) in biologically
operating GAC adsorbers.
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APPENDIX C
DUSSELDORF, FEDERAL REPUBLIC OF GERMANY

BACKGROUND

Three water treatment plants are operated by the City of Ddsseldorf
currently, and include the Flehe (88,000 cu m/day), Am Staad (119,200 cu
m/day) aqd Holthausen (192,000 cu m/day) installations. These three plants
use the identical process to treat river sand bank filtered water from the
River Rhine, and which is described below. The Am Staad plant has been
using the process of ozonation followed by GAC since 1961, and is the longest
operating water treatment plant known to use this sequential combination of
water treatment steps.

However, there are at least two other water treatment plants in the
vicinity of Zlisseldorf which also draw water from the same region of the
Rhine and use closely similar treatment processes. These are the Duisburg
Wittlaer III Wasserwerk and the Wuppertal Benrath plants. Plant data
presented in this section of the report for unnamed water treatment plants
utilizing river sand bank filtration was obtained from one or more of the
plants noted above.

A detailed discussion of the Clsseldorf water treatment process was
presented in Section 9 of this report, along with pertinent data showing the
effectiveness of the various process steps. These will not be duplicated
here. Instead, additional plant performance data will be presented and
discussed.

RIVER SAND BANK FILTRATION

The five plants noted above make excellent use of the natural aquifers
adjacent to the River Rhine. Figures 32 and 33 {llustrate that the majority
of water treatment {s achieved in the so-called bank filtration (German:
Uferfiltration) step. On the other hand, a disadvantage of using this
method of pretreatment of organics is the necessity for subsequent ozone
treatment for removal of iron and manganese.

Water is drawn from 10 m (32.8 ft) to 30 m (98.4 ft) deep wells situated
50 m (164 £t) to 250 m (820 ft) from the banks of the River Rhine. The
aquifers in which the wells are located consist of sand and gravel deposits.
Removal of turbidity and associated pollutants in the sand bank treatment
results in a high quality sand bank filtered water. Additional treatment
removes iron, manganese, taste, odor and dissolved organics.
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OZONATION

Ozone is generated by means of horizontal tube, water cooled, ozore
generators manufactured by Gebruder Herrmann of K8ln (Cologne), Federal
Republic of Germany. Each of the ozone generators contains 432 glass tubes
and generates ozone from dried air by the application of power at 50 Hertz
and voltages ranging from 9,000 to 16,000 volts. These tube-type generators
were installed in the early 1970s and replaced the water-cooled, Otto plate
units originally installed in 1961. Cooling of the ozone generators is by
means of a closed loop cooling water system using chemically treated boiler
feed water, The cooling water is cooled, in turn, by passing it through a
heat exchanger located in the raw water supply line.

Ozonized air is drawn from the ozone generator by means of the negative
pressure induced by passing treated water %approximate1y 1% of the total
plant flow) through a venturi nozzle situated near the top of a vertical
pipe hqving 10 meter submergence. The ozonized water mixes with the sand
bank filtrate which passes down the vertical pipe and discharges into the
contact charber. The 10 meter submergence and overall contact chamber size
provides a retention time of five minutes. The ozonized water from the
contact chamber proceeds to a holding tank which provides an additional 30
minutes retention time.

Over the life of the Am Staad plant {since 1961), the ozone dosage
necessary to produce the desired quality of finished water has had to be
increased from an average of 1 mg/1 to an average of 3 mg/1. This ozone
dosage is set manually to maintain approximately 0.1 mg/1 of ozone in
the off-gases from the 30-minute detention tanks. This level of ozone is
determined both by the potassium {odide wet chemistry procedure and by plant
personnel "sniff-testing” the off-gases. Residual ozone in the off-gases
from the contact chambers and the holding tanks is destroyed by passage
through wet granular activated carbon. However, catalytic destruction of
the ozone-containing off-gases has been tested at Dlsseldorf plants and will
be installed to replace the wet GAC procedure (Weissenhorn, 1977).

FILTRATION AND GAC ADSORPTION

Water is purped at pressures of 6 bars (87 psi) to 7 bars (101 psi)

from the ozonation holding tanks to the bilevel filtration/adsorption
units. These units are constructed of steel, 8 meters high and 5 meters in
diameter. Water flows downward through an upper 1.5 meter deep filter layer
and then downward through a 2.5 meter depth of granular activated carbon.
Both the filter layer and the adsorption layer rest on layers of support

ravel, each based on a steel support plate containing plastic nozzles
?approximate1y 31 per sq m). Each layer can be backwashed separately.

The hydraulic loading rate in the filtration/adsorber units has been 20
cu m/sq m/ hr (m/hr), or 8.8 gpm/sq ft, but recent plant expansions have
reduced the loading rate to 12 m/hr (4.8 gEm/sq ft). The older coated steel
units have been on-line since 1961 with satisfactory service from the coating,
with the exception of physical wear in the vicinity of the media removal and

changing fittings.

333



The filtration medium is a so~-called "preactivated" carbon having the
following characteristics:

Granule size - 0.9 to 2.5 mm
Mean granule diameter - 1.7 mm
Bulk weight - 580 kg/cu m

giologicai nitrification, as well as high degrees of removal of mangan-
ese, iron and turbidity, is achieved in the filtration stage with provision
of 1.5 meters of filter media.

The adsorption medium consists of a mixture of Lurg! LS Supra and
Chemviron (Calgon) F-300 granular activated carbons having the following
characteristics:

Granule size - 0.5 to 2.5 mm
Mean granule size - 1.4 to 1.6 mm

Filtration layer runs of approximately 24 to 48 hours are cbserved.
Backwash cycles for the adsorption stage are 4 to 6 weeks, with periods
between regeneration ranging from 5 to 6 months. Initial air scouring,
followed by a 5-minute water backwash, is the procedure used for both the
upper and lower layers.

FINAL TREATMENT STEPS

The final treatment steps include the addition of sodium hydroxide “or
pH control (to neutralize CQ2 produced biochemically) and 0.1 to 0.3 mg/1 of
chlorine dioxjde to disinfect and to maintain a residual within the distribu-
tion system.

The three City of Dlisseldorf water treatment plants are unique in that
there is very little reservoir storage for finished water. As a result, all
three plants are designed to operate on demand.

GRANULAR ACTIVATED CARBON REGENERATION

Over the years since the ozone/GAC process was installed in Clsseldorf,
the increased GAC levels of halogenated organics (TOC1) in the Rhine (which
are not removed during river sand bank filtration) has shortened the GAC
regeneration cycles to such a point {every 5 to 6 months) that it became
economical to install reactivation facilities at the Dlsseldorf plants.
Spent GAC now is transported from the Am Staad and Flehe facilities %o the
fluidized bed regeneration furnace situated at the Holthausen plant. This
furnace, which was in shakedown during a site visit in May, 1977, was fully
operational in June 1978.

The GAC regeneration furnace was supplied by Lurgi and has a GAC
regeneration capacity of 6 metric tons per day. It is to be the central
regeneration facility for Disseldorf, and space is available for two additio-
nal furnaces to be installed if and when needed. Spent GAC is flushed from
a storage hopper to a dewatering screw which regulates the carbon to the
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upper or drying stage of the fluidized bed furnace which is maintained at a
temperature of 200° to 300°C by means of natural gas heating. The dried GAC
passes to the lower or reactivation stage where steam is injected into the
chamber which is maintained at a temperature of 600°C to 800°C, again using
natural gas heating. The 3AC enters a quench tank from which it is flushed
to a storage hopper. The furnace off-gas is treated by means of a cyclone
after-burner and heat exchanger.

Another fluidized bed granular activated carbon regeneration furnace is
installed at the Wuppertal Benrath water treatment plant. While this plant
was not inspected by the 1978 site visitation *eam, it is known that the
unit was designed and constructed by WABAG, a design/construction engineering
firm headquartered in Kulmbach, Federal Republic of Germany. The Wuppertal
regeneration facility was installed in January, 1978 but was sti11 in shake-
down in cune, 1978, The maximum capacity of the unit 1s 240 kg of GAC/hr,
but the recommended rate of application {s 100 to 150 kg of GAC/hr.

A third fluidized bed GAC regeneration furnace is in operation at the
Zlrich (Switzerland) Lengg water treatment plant {Grombach, 1975).

It has also been reported (Water Research Center, 1977) that there is a
multiple hearth GAC regeneration furnace at the Alelyckan water treatment
plant at Goteberg, Sweden. This same reference notes that "one granular
activated carbon regeneration plant is currently in use at Church Wilne,
%ng1a?d." This English regeneration unit has been discussed by Osborne

1979).

PLANT OPERATIONAL DATA

Operaticnal data from the individual plants in and arcund Clsseldorf
are not readily available either from the plants or from the Engler-Bunte
Institute of the University of Karlsruhe, which conducts research for many
German waterworks. The Institute places great emphasis on the confidentiality
of the raw and/or unpublished analytical data developed by and for their
client waterworks. However, information was provided for unnamed plants on
the lower Rhine which utilize the same treatment process as does DlUsseldorf.
Similar data for other water plants treating river waters in the Federal
Republic of Sermany were provided as well, identifying only the river source
and the treatment process.

Table 82 contains actual plant operational data showing the degree of
purification obtained at the various stages of treatment of River Rhine
waters in the Clsseldorf area. Table 83 1ists DOC and halogenated organics
data obtained during a single day of operation at one of the five plants in

the region.

Table 84 shows data obtained at a lower Rhine water treatment plant
which uses a process consisting of river sand bank filtration, permanganate
(oxidation)/polymer sedimentation, filtration and GAC treatment. These data
were determined from the three operating trains in the plant, and are averages

of data obtained throughout 1977.
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TABLE 82. LOWER RHINE RIVER WATER TREATMENT DATA FOR PLANTS UTILIZING
RIVER BANK FILTRATION/OZONATION/FILTRATION/GAC ADSORPTION.
AVERAGES FOR 1977

Raw Rhine After Kiver After Ozonation] After
Parameter River Water |Bank Filtration { & Filtration GAC
PLANT #3
DOC (mg/1) 4,55 1.8 1.70 1.19
CoD {mg/1) 12.7 4.88 - 3.33
uv 11.62 3.95 2.83 1.23
PLANT #4
DOC (mg/1) 4.46 2.16 2.03 1.45
CoD (mg/1) 13.11 5.54 - 3.47
uv 11.07 5.13 2.41 1.47
PLANT #5
DOC (mg/1) 4.03 2.17 1.90 1.43
coD (mg/1) 11.13 6.07 - 3.19
Ly 11.20 5.10 3.30 1.87
Note: OJCC = dissolved organic carbon
COD = chemical oxygen demand
UV = relative absorbance at 250 nm

Table 85 shows data obtained at a plant utilizing river sand bank
filtration, followed by GAC adsorption directly. Data presented are the
averages obtained during 1977.

Table 86 shows average data for 1977 at a River Danube plant (without
river sand bank filtration) using ozonation, filtration and GAC adsorption.

The following conclusions may be drawn from the data of Tables 82
through 86:

1) River sand bank filtration is an effective method of removing waterborne
pollutants; as measured by DOC, COD and UV adsorption. The degree of
pollutant removal is variable, however, as is seen by comparing data
from Plants No. 3, 4 and 5 with those from Plants 2 and 6.

2) Data from Plants No. 3, 4 and 5 are in general agreement as to the
levels of treatment attained after river sand bank filtration. Percen-
tage removals of COC, COD and UV absorbing materials by the treatment
process consisting of ozonation/filtration/GAC adsorption is as follows:
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TABIE 83. PLANT #4, CHLORO-ORGANIC MATERIAL DATA FROM A SINGLE DAY'S SAMPLING IN 1977

Parameter
Water Treatment DOC CHC13 CHBrClp CHBrzCl CHBr3  CClg [CoH4Cl2 CZHC]3‘ C2Clg  CoHaClg
Process :
mg/1 g/l
Rhine River . .
raw water 4.7 3.9 - -- - 2.4 -- 0.8 1.1 --
river bank
filtration 2.2 1.4 - - -- 0.03 - 0.9 0.7 -
ozonation 2.0 0.9 -- -- -~ 0.02 | -- 0.2 0.3 --
F11tration + GAC i : | f
adsorption 1.6: 1.1 -- - -- 0.04 -- 0.1 . 0.05 --
0.2 mg/1 chlori- |
pation 1.3 1.3 0.1 0.2 0.8 0.04 - 0.2 0.06 -




% Reduction in Levels of

DOC COD uv
Plant No. 3 36 32 69
Plant No. 4 33 37 71
Plant No, 5 34 a7 63
TABLE 84. LOWER RIVER RHINE WATER TREATMENT DATA FOR PLANTS USING RIVER BANK
FILTRATION/KMnO4/POLYMER SEDIMENTATION/FILTRATION/GAC. AVERAGES
FOR 1977
“Raw Rhine After River After KMn0 After
Parameter River Water |Bank Filtration | & Sedimentation 3AC
PLANT #6
TRAIN #1
pDoC (mg/1) 4.64 2.46 2.07 0.96
COD (mg/1) 14.10 7.17 - --
uv 11.07 6.37 3.75 0.95
TRAIN #2
DOC (mg/1) 4.64 2.46 2.05 1.26
CoD (mg/1) 14.10 7.17 - -
uv 11.07 6.37 3.78 1.63
TRAIN #3
DOC {mg/1) 4.64 2.46 2.24 0.99
€oD (mg/1) 14.10 7.17 .- 2.50
uv 11.07 6.37 3.81 0.81
TABLE 85. LOWER RHINE RIVER WATER TREATMENT DATA FOR PLANT UTILIZING RIVER
BANK FILTRATION/GAC ADSORPTION. AVERAGE FOR 1977
Raw Khine ATter River ATter
Parameter River Water | Bank Filtration GAC
PLANT #2
DOC (mg/1) §.25 0.88 0.74
COD (mg/1) 11.23 2.77 2.47
uv 9.13 1.47 1.16
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TABLE 86. UPPER DANUBE RIVER WATER TREATMENT DATA FOR PLANT UTILIZING
SEDIMENTATION/OZONATICN/FILTRATION/GAC. AVERAGE FOR 1977

Raw Uanube Atter
Parameter River Water Treatment
PLANT #1
30C (mg/7) 2.26 1.61
coD (mg/1) 5.51 -
uv 4.98 1.49

COSTS

Only limited cost data were made available during the site visit to the
Disseldorf waterworks. This brief information 1s presented below.

T9ta1 revenues for the waterworks in 1976 were about 73 million Ceutsch
marks (OM), up from 55 millfon DM in 1974. The average rate charged for
water was 0.9 DM per cubic meter in 1978, with the flat residential customer
rate set at 1.2 CM/cu m, approximately equivalent to $2.20/1,000 gallons.

Treatment costs (exclusive of distribution and administration) were
reported ;Poggenburg, 1978) to comprise somewhat less than 40% of the total
annual Dlsseldorf water utility costs. The figure of 0.28 DM/cu m was
mentioned as the total water cost in a recent year, excluding returns on
capital. Costs at Clsseldorf should not be compared with those of nearby
Milheim, for example, because tne Diisseldorf Water Works pays more for
street usage.

The waterworks provides capital for new projects from its own funds set
aside in previous years and from new bond issues. Bonds were sold recently
(prior to 1978) at an interest cost of about 6.5%. The waterworks is a
private stock corpany, with the City of Dlsseldorf owning 100% of the stock.
Due to its private status, 1ts revenues are drawn entirely from rates
charged for water and its financing is separate from other city capital
projects.

The new fluidizea bed furnace for reactivating spent GAC from all three
Dlisseldorf water treatment plants has been operating for over a year. The
two-stage furnace operates at 200° to 300°C at the first stage for drying
and at 600° to 800°C at the second stage for reactivation. An afterburner
{which attains 600°C outlet temperatures) prevents air pollution and prevents
even a visible steam plume. Absence of a visible steam plume is required by
local air pollution control regulations. A cyclone removes particulates to
a level of 75 parts per billion.

Energy requirements are 55 to 65 cu m/hr of natural gas (AHgas =_8,4C0
kcal). At present, the furnace is operating with 4 to 5% GAC 1ogses in the
furnace, with a total loss of 8 to 9% (the difference 1s lost in transporting
GAC from the adsorber to the furnace and returning). However, the 4 to 5%
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furnace losses depend to some degree on the quality of the GAC and the
temperature and precision of the furnace operations. The regeneration
capacity is 6 tons/day (250 kg/hour).

Although no cost figures were made available on efther the capital
invested in the furnace or its operating costs, the total cost of regene-
ration was said to be a bit less than 30% of the cost of virgin GAC. With
European GAC prices in the range of 70 to 80¢/1b, this percentage suggests a
reactivation cost on the order of 20¢/1b.

Capital costs for a single GAC column at Diisseldorf were said to be
120,000 DM, without outside piping. The installed total capital cost for
water treatment was 3,000 DM/cu m of water treated per hour. For each 1,000
cu m/hr of installed treatment capacity, the capital cost was 1,0C0 x 3,000
= 3,000,000 DM,

The City of Dlisseldorf treats 400,000 cu m/day of water and pumps
500,000 cu m/day from the wells. The additional 100,000 cu m/day of well
water is sent to industries and nearby cities for local treatment. The
staff at Dlisseldorf totals 375 people, but only 2 people operate the plants
around the clock.
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APPENDIX D
MORSANG-SUR-SEINE (SUBURBS OF PARIS)

GENERAL CHARACTERISTICS

. The Morsang plant is located on the Seine River, 35 km upstream of
Paris near the new town of Evry and supplies water to Evry as well as to the
?aris suburbs. In concept and when completed about the year 2000, Morsang
is expected to produce about 1,000,000 cu m/day (264.2 mgd) of drinking
water from the Seine River.

Morsang is being constructed in successive, star-shaped plant stages,
with each star being capable of producing 225,000 cu m/day (59.4 mgd). Each
star at Morsang will be constructed around a central station with each
treatment stage occupying one point of an {raginary three pointed star. At
the center of each star will be the central station, which will house chemi-
cals, activated carbon and ozonation equipment. Laboratories, pumping
station and administration are housed in a separate building. The general
plant Tayout' is shown in Figure 87.

The first stage of the first 3-pointed star began operating in 1970.
In 1975 the second stage of the first star was completed, and consiruction
of the third stage of the first star will depend upon results obtained from
a detailed pilot plant testing program, which was to be completed during
1979.

The Morsang plant is owned and operated by the Société Lyonnaise des
Eaux et de 1'Eclairage, one of two large, integrated water making comrpanies
in France.

Raw Seine River water at Morsang is fairly clean: TOC is about 3 mg/1,
humic acids about 7 mg/1, ammonia about 0.5 mg/1 and taste threshold about

12,
PLANT QPERATION

Raw Seine River water is coarse screened (1.5 mm mesh), then is subjected
to breakpoint chlorination (for removal of ammonia, usually less than 0.5
mg/1) with 3 to 6 mg/1 of chlorine added as the gas. Prechlorinated water
then is pumped to the center of the first star where i1t {s split into two
streams. One stream of 50,200 cu m/day (13.2 mgd) is sent to the first
stage of the star, and the second stream of 75,000 cu m/day (19.8 mgd) is

sent to the second stage of the star.
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Figure 87. General layout of the Morsang-sur-Seine treatment works.

First Stage of the Star (Maximum flow: 3,300 cu m/hr -- 871,860 gal/hr)

Prechlorinated water is settled and clarified using a 665 sq m siudge
blanket Pulsator clarifier (Degrémont) operated at an hydraulic loading rate
of 3.15 cu m/sq m/hr (m/hr), then filtered through six type T Aquazur V
(Degrémont) sand filters. Coagulation is accorplished with addition of 60
to 80 g/cu m of aluminum sulfate and is monitored by flocculation tests and
zeta potential measurements. Activated silica (1 to 2.5 g/cu m) is made by
adding sulfuric acid to alkaline sodium silicate, and its dosage depends
upon the nmeasured sludge cohesion coefficient. Powdered activated carbon
normally is added ahead of the clarifier at 15 to 25 g/cu m.

Water is passed through the sand filters, each having an area of 60
sq m, at an hydraulic rate of 6 cu m/sq m/hr (m/hr). After sand filtration,
the water is ozonized in two baffled contact chambers, each having a volume
of 215 cu m (10.5 m Tong and 4.5 m high) and designed to achieve a contact
time of 8 minutes at peak flow. About 67% of the total ozone generated is
added to the first contact chamber in which the initial ozone demand is
satisfied and a residual ozone concentration of 0.4 mg/1 is attained. The
remaining 33% of the total ozone dosed is added in the second chamber, where
the Tevel of residual dissolved ozone is maintained at 0.3 to 0.4 mg/1. The
contact time in each chamber is 4 minutes at maximum flow (8 minutes total
ozonation at peak flow). Water flow in each chamber is countercurrent to
the direction of the upward flow of ozone-containing air (see Miller et al.,
1978, p. 120). The residual dissolved ozone is monitored at the outlet of

both contact chambers at 0.3 to 0.4 g/cu m.
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This treatment sequence will be referred to subsequently as Process #1.

Second Stage of the Star: (Maximum flow: 3,300 cu m/hr -- 871,860 gal/hr)

Settling and clarification of the prechlorinated water are conducted
with a 208 sq m Superpulsator clarifier (Degrémont). Filtration is through
four Aquazur sand filters, each having a unit surface area of 63 sq m, at an

ayﬁrage hydraulic loading of 8.75 m/hr and a peak hydraulic loading of 13
m/hr.

Ozone is produced (for the first two stages of the star) by two Degrémont
%ene(ators, each having a groduction capacity of 6.6 kg/hr. Contact times
8 minutes at maximum flow) and other ozonation conditions are identical
with those of the first stage.

Following ozonation is GAC adsorption through 1 m deep beds of Chemviron
F-400 carbon, using four Aquazur filters each having a surface area of 63
sq m. These are operated at a filtration velocity of 13.1 m/hr at maximum
flow. These Aquazur filters are especially designed for activated carbon
and are called Mediazur filters.

After sand filtration and before ozonation, the water is divided into
two equal portions. The first fraction {s ozonized before GAC adsorption
and the second is passed through the GAC adsorbers then ozonized. These two
sequences of treating water in the second stage of the star (termed Process #2
and Process #3, respectively) have been monitored full-time since October,
1975 and the water qualities compared with those of Process #1 conducted
over the same period of time. Initial results of this comparative study
{obtained over the period October, 1975 through December, 1976) were reported
by Richard & Fiessinger (1977) and are discussed below. The three processes
are shown schematically in Figure 88, along with a fourth pilot plant process
(Process #4) which will be discussed later.

Parareters studied during the 15-month program reported by Richard &
Fiessinger (1977) for Processes #1, #2 and #3 included:

(a) Organic matter -- expressed as mg/1 of oxygen consumed as measured by
.KMh04 oxidation in an acid medium,

(b) Taste threshold -- measured at 30°C by the dilution method,

(¢) Organo-halogen derivatives -- detected by gas chromatography combined
with an electron capture detector. These were extracted with Uvasol
pentane (Merck). Results given by Richard & Fiessinger (1977) were
Timited to chloroform and dichloromethane only.

RESULTS OF 15 MONTH STUDY COMPARING PROCESSES #1, #2 & #3

Organic Matter

Figure 89 shows the percent reduction in concentration of organic
matter obtained by each of the three processes.
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RAW SEINE &IVER WATER
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PRECHLORINATED RAW WATER
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Y
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OZONi%ION QZONATION
GAC GAC GAC
ADSORPTION ADSORPTION ADSORPTION
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\ \ \ \/
Treatment Treatment Treatment Treatment
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(full-scale) (full-scale) (full~scale) (pilot plant)

Note: all treated water leaving the plant is chlorinated for residual

[igure 88. Morsang-sur-Seine water treatment plant--processes aperating in
1977.
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Process #1--

Starting with a raw water level of 3 mg/1, some 30 to 60% of the
organic material is eliminated by clarification with 10 to 20 mg/1 of
powdered activated carbon. During the summer of 1976, this dose was increased
to 25 to 30 mg/1. Sand filtration removed all carbon fines and increased
overall organics removal to 55 to 65%.

The dosage rate of ozonation was found to affect the organics removal
greatly. During the first three months, the ozonation dosage was too low
and the organic content was the same as or higher than that obtained after
sand filtration. Increasing the ozone dosage to 1.2 mg/1 raised the total
$e¥cent1remova1 of organic matter to 60 to 70%, an additional 8% over sand

iltration.

Processes #2 and #3--

Clarification at the rate of 8.75 m/hr without powdered activated
carbon removed 40 to 50% of the organic material and sand filtration removed
an additional 5% (total organic removal by powdered activated carbon and
sand filtration: 45 to 55%.

Process #2--During the first three months of the study the ozone
dosage again was too Tow, but when this was increased to 1.2 mg/1, the total
removal of organic material increased to 55% to 70%. However, water treated
with powdered activated carbon by Process #1 was of higher gquality, with
regard to organic matter content, after ozonation (1.4 mg/1 of ozone) than
that obtained from Process #2 (1.6 mg/1 ozone).

During the first three months, GAC adsorption (after sand filtration
and ozonation) increased the overall percent removal of organic materials to
80 to 85%. This figure fell to 70% when the water was cold and rose to 75%
when the water was warm. The increased organics removal observed during
warm weather could have been a result of bacterial activity in the GAC
adsorbers. The 80% to 85% levels of organics removal were obtained after
the first three months period and indicates that the additional 5% to 10%
removal also may have been a result of bacterfal activity in the GAC beds.

Process #3--Sand filtered water was passed through granular activated
carbon. This increased the total organics removal to 80 to 85%, but this
level fell to 70% when the water was cold.

A drought occurred during this test program, and the ‘evel of organics
removal fell to 67% by Process #3 but was 75% by Process #2. This higher
rate of organics removal by Process #2 was attributed to "the intense oxygena-
tion of the ozonized water and the biological oxidation which it causes in
the water".

When the drought ended, the quality of water which passed through the
GAC adsorbers in Process #3 improved, but was still slightly lower {about
50%) than that obtained by Process #2.
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Taste Threshold

During the 15 month study the raw water taste threshold rose from 10 up
to a Tevel of 20 to 30 units during the drought.

Process #1--

Clarification with powdered activated carbon followed by sand filtration
lowered taste thresholds to two units in most cases. Upon ozonation, however,
"new, unpleasant tastes" were formed, and the threshold level rose to three
units. During the drought the taste threshold of clarified water rose to 4
to 10 units (even with powdered activated carbon dosages being increased to
20 to 25 mg/1) and the level in sand filtered water rose from 3 units to 6
units. OJuring this period, the level in ozonized water remained at 2 to 3
taste units. This level was considered to be “not perfect, but acceptable
to customers".

Process #2--
After ozonation and GAC adsorption, the taste threshold remained
consistently at 1 unit over the 15 month period.

Process #3--

Sand filtration followed by GAC adsorption without ozonation produced
taste threshold values of 1 for the first 10 months, then the carbon "comple-
tely lost its capacity for removal of taste" and the threshold value rose to
2 units.

The difference in activated carbon performances (with ozonation in
Process #2 and without ozonation in Process #3) was attributed to "the dual
role of. ozone":

a) Ozone oxidized non-polar, or taste-causing, organic molecules into
polar molecules which have a less powerful taste; and

b) Ozonation aerates the water and stimulates biological activity in
the GAC adsorbers.

Formation and Elimination of Halogenatad Organic Derivatives

The chloroform content of the Seine raw water at the Morsang plant is
well below 1 microg/1. Chlorination at the clarifier (with 3 to 6 mg/1 of
chierine) produces chlorinated organics, and chloroform levels of 5 to 15
microg/1 are found routinely at this point. Figure 90 shows resuits of
chloroform analyses obtained during the 15 month study.

Process #1-- '
Powdered activated carbon treatment lowered the chloroform content 40

to 50%, leaving 0.1 mg/1 of total chlorine in the clarified water. Additional
chlorine (0.2 mg/1) had to be added to the filter inlet to protect"1t from
algae and zooplankton, but this additional chlorine dose produced "no more
than 1 microg/1 of additional chloroform". After clarification and sand
filtration, chloroform levels found were 5 to 7.5 microg/1.
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Ozonation lowered the chloroform level to 3.5 to 6.5 microg/1, but by
air stripping, not by chemical oxidation.

Processes #2 and #3--

Prechlorinated water was clarified without addition of powdered activated
carbon. The amount of chloroform produced tended to increase with longer
retention times in the clarifier, and vice-versa. After sand filtration,
the average chloroform concentration was 10 microg/1.

Process #2--After ozonation followed by GAC adsorption, the chlorofarm
concentration varied between 7 and 13 microg/1. (It is apparent that the 1
meter deep GAC beds had been saturated with chloroform and that breakthrough
had been attained early in the 15 month study).

Process #3--The same chloroform range (7 to 13 microg/1) was obtained after
sand filtration followed by GAC adsorption (no ozonation). Thus, ozonation
followed by GAC adsorption should have no capability to remove chloroform
after the adsorption capacity of the GAC for chloroform has been exceeded.

Conclusions From the 15-Month Study of Processes #1, #2 and #3

Richard & Fiessinger (1977) drew the following conclusions from this
15-month comparative study:

1) Formation of chloroform can be reduced by optimizing the coagulation
step (before chlorinatfon), which lowers the humic content to a minimum.

2}  After prechlorination, powdered activated carbon (PAC) removes residual
chlorine from the water, adsorbs chloroform precursors and reduces the
tevel of chicroform by abouv 50%.

3) Over the 15-month period, sand filtration followed by GAC adsorption at
10 m/hr (no ozonation) removed 40% of the chloroform.

4) Ozonation before or after GAC adsorption removed some chloroform, but
by air stripping, not by chemical oxidation.

5) Chloroform concentrations at Morsang have never exceeded 16 microg/1.

6) Process #1 (clarification with powdered activated carbon, fiqa] treatrent
with ozone) produces "less than perfect" organoleptic qualities, which
will be affected directly by any change in the amount of raw water
poiiution.

7)  Process #3 [clarification (without powdered activated carbon), sand
filtration, GAC adsorption, post-ozenation] produces water with "very
good organoleptic qualities". With sudden surges of raw water pollution,
however, it is better to use powdered activated carbon so as to prolong
the usefui 1ife of the GAC.

8) Process #2 [clarification {without powdered activated carbon), sard
filtration, ozonation, GAC adsorption] gave "very appreciably improved
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results”. Ozone aerates the water and oxidizes non-polar compounds
which cause unpleasant tastes. This "increases the activity of the
carbon and prolongs its useful 1ife considerably”.

(No data are reported by Richard & Fiessinger, 1977, regarding the
criteria measured to determine the useful 1i1fe of the GAC adsorbers.
However, these are presumed to be organoleptic parameters, such as
taste threshold, in order to maintain low taste thresholds.)

9) Biological phenomena in the GAC appear to be stimulated by ozonation of
the water before passage through the GAC adsorbers.

The next phase of the research program at Morsang-sur-Seine was a pilot
plant study of the treatment of raw Seine water by a process in which break-
point chlorination was eliminated (Process #4). This pilot plant study
began in early 1977 and was to have been completed during 1979, after which
a decision was to be made as to the treatment process to be installed on
full-scale in the third stage of the first star. Very recent data (Fiessinger
& Montiel, 1980) presented at the 1980 Annual American Water Works Association
Conference indicates that the decision will be to install Process #4.

PILOT PLANT STUDIES WITHCUT PRECHLORINATION

In Process #4, the prechlorination step has been eliminated. Raw Seine
River water is clarified with alum and 1ime (no powdered activated carbon),
decanted, sand filtered, ozonized, passed through GAC adsorbers and post-
chlorinated. Chemviron F-400 granular activated carbon is used in Process
#4 and the bed depth is 1.4 m. Dissolved cxygen levels in the raw Seine
River water at Morsang are 3 to 5 mg/1. Prior to the GAC adsorption step in
Process #4 the DO is 10.4 mg/1 and drops to 8.8 mg/1 after GAC adsorption,
Ammonia levels in the Seine River raw water are 0.1 to 0.2, but 0.1 mg/1 in
the product water. Therefore, nitrification is insignificant in Process #4.

For all four processes, data on organic materials content (by the KMnCq
and UV absorbance methods), percent reduction of organic materials content,
TOC, taste threshold, fluorescence, humic acids content and chloroform
content at various points in the different treatment processes are presented
in Figures 91 through 94 (for Processes #1, #2, #3 and #4, respectively).
Figure 95 is an overview diagram of the four treatment processes showing the
points where samples for the analyses given In Figures 91 through 94 were
taken. Data presented in Figures 91 through 94 are averages of 5 samples
taken from side-by-side process operation.

For comparison, data for all four processes are summarized in Table 87.
The quality of water produced by Process #4 appears to be the highest of all
processes, but comparison is difficult to make since the GAC used in Process
#6 was placed in use about 2 years after that used in Processes #2 and #3.

Therefore, the advantages of not prechlorinating at Morsang remain

debatable. It is still too early to predict the final process that will be
installed in the third stage of the first star (Richard, 1979).
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TABLF 87  CCMPARISON OF PROCESSES 1, 2, 3 AND 4 AT MORSANG SUR SEINE

DATA AVERAGED OVER 5 MONTHS OF SIDE BY SIDE OPERATION.
——

Raw Finished Water Parameter by Process

Parameter Water Process #1 Process #2 Process #3 Process #4
Organic
Materials 3.8 1.6 mg/ 1.4 mg/1 1.3 mg/1 0.8 mg/1
{by KMnO4) mg/
T0C 3.0 1.2 mg/1 1.2 mg/1 1.1 mg/1 0.9 mg/}

mg/1
Taste Threshold 12 1 nong perceptable 2 none perceptable
Fluorescence 3.9 0.8 0.4 0.5 0.2
Organic
Materials 0.9 0.2 0.2 0.2 0.05
(by UV)
Humic 7
Acids mg/1 1.8 mg/} 1.0 mg/1 1.2 0.5 mg/1
et mierog/ 26 microg/1 30 microg/1 26 microg/) 1 microg/1

. Process #1. Process #2: Process #3: Process #4:

N : - - ~TOCESS F1.
h%%gn (z?ztofglﬁg}? chlorination, chlorination, chlorination, coagulation,
dosage) follaws a)l coagulation, coagulation, coagulation, flocculation,
treatment processes flocculation, flocculation, flocculation, clarification (without

for distribution
systems

clarification (pow
dered activated
carbon),

sand filtration,
ozonation

clarification{without
powdered activated
carbor),

sand filtration,
ozonattion,

GAC filtration

clarification (without powdered activated

powdered activated carbon,
carbon), sand filtration,
sand f{ltration, ozonation,

GAC filtration, GAC filtration

ozonation




FUTURE PLANS AT MORSANG

The pilot plant study of the process without prechlorination was to
have been continued through 1979, then a decision was to have been made as
to the process to be installed in the third stage of the first star. A
recent presentation (Fiessinger & Montiel, 1980? implies that the decision
will be to install Process #4.

Granular activated carbon adsorption has been proven to be an efficient
process step and {s being retrofitted into the first stage of the star
(Process #1) followir._ ozonation.

When GAC adsorption in Process #1 becomes operational in 1979, powdered
activated carbon was to be eliminated as a permanent treatment step, but
will be maintained in the ready state for discontinuous addition in the
event of incidents of pollutional surges.

After the first stage at Morsang has been retrofitted with GAC adsorp-
tion, there will be sufficient GAC installed in the South Paris region
plants of Société Lyonnaise des Eaux et de 1'Eclajrage (in the Viry, Vigneux
and Morsang plants) to warrant a central GAC regeneration facility. Plans
for constructing such a facility were being considered during 1978.

The Degrémont water treatment plant at Crly (in Paris), which currently
uses ozone treatment, also is being retrofitted with GAC adsorption to
follow after ozonation,

BIOLCGICAL REMCVAL CF ORGANIC MATERIALS BY GRANULAR ACTIVATED CARBON --
RESULTS OF A MODELING STUDY AT MORSANG~SUR-SEINE

In 1977, Benedek reported a study conducted at the Morsang-sur-Seine
treatment plant using data obtained from Processes #1, #2 and #3 of the
full-scale plant. The objective of this study was to try to establish the
mechanism(sg of organics removal in the biologically active activated carbon
adsorbers and, thereby, to attempt to develop application and design princi-
ples for the ozonation/granular activated carbon treatment combination.

This study will be reviewed during this discussion because it presents
further insights into the 15-month study previously conducted by Richard &

Fiessinger (1977).

A mathematical mode] for describing activated carbon particles with
biological activity has been developed by Magsood and Benedek (1977) and by
Peel and Benedek (1977). The basis of this model involves mass transfer in
a differential 3AC column segrent containing percolating water, a"bactﬁrTal
"f£{1m" and activated carbon. The concept of a uniform bacterja] film" was
presented to allow simplification of the mathematical expressions derived.

The major required inputs for the model were based on batch tests for
(a) adsorbable isotherms for the carbon surface equilibrium reaction (with
adsorbable solutes) and (b) batch adsorption kinetics of solutes. In addi-
tion, an estimate was made of the bacterial degradation rates of solutes,
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and these are expressed as zero order, carbon surface-based reactions in
either batch or continuous column tests. Adsorbability and biodegradability
were assumed to be operative on the same organic fractions. Finally, the
presence of refractory organics, possibly produced by the bacteria, was
considered to be negligible.

Respiration measurements were made {n a Hach BOD apparatus on pulverized
activated carbon samples, to determine the amounts and rates of biodegradation
of organic materials.

Isotherms were determined on ozonated and non-ozonated water and
pulverized activated carbon in terms of TOC, COD (determined by KMnO4
oxidation) and optical density at 254 nm (10 c¢cm cells). By all three
parameters, ozonation appeared to decrease carbon adsorption capabilities.
The apgarent particle diffusivities were not affected significantly by
ozonation,

The activated carbon adsorbers used in the Morsang plant treatment
Processes #2 and #3 removed similar quantities of organic materials, although
ozonized organics appeared to be slightly better removed (Figure 96).

After 0.24 g of TOC had been applied per gram of GAC (4,522,499 cu m --
1.2 billion gallons), activated carbon samples were withdrawn from the 3AC
adsorbers and isotherms were redetermined by measuring UV absorption. By
this technique, it was shown that the GAC was exhausted.

The rate of biological reaction, Rf, was calculated to be approximately
1.8 x 10-11 g of T0C/sq cm/sec for non-ozonated water and 2.1 x 10-11 for
ozonated water. This difference is not considered to be significant, since
it is within the experimentazi error of the COD (by KMnO4 oxidation) and TOC
determinations.

For comparison, the biological reaction rate for Rhine River water was
calculated by Benedek (1977) from the work of Eberhardt, Madsen & Sontheimer
(1975) to be on the order of 10-10 g/sq cm/sec. On the other hand, for
municipal wastewaters, the rate {s on the order of 10-9 g/sq cm/sec (Peel &
Benedek, 1977).

The low biological degradation rate found at Morsang probably is
caused by the relatively stable nature of the organic materials in the
Seine. This "stability" might aiso be a result of the formation of chlorina-
ted organic materials during the prechlorination steps involved with Processes
#1, #2 and #3 during this modeling study.

Samples of GAC withdrawn from the adsorbers at varfous depths were
analyzed for viable cell counts and respiration rates. In general, more
viable cells were found in the adsorber through which ozonized water was
passed. The highest bacterial levels (107/m1§ were found at the top of the
activated carbon columns (with and without treatment with ozonized water)
which decreased to 105 to 106/m1 at 40 to 80 cm depths.
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Figure 96. Effect of ozone on GAC adsorption at

Morsang plant.

(Benedek, 1977)
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Bacterial respiration rates also were similar, although more activity
was observed at the top of the adsorber receiving ozonized water. Respiration
rates corresponded to the degradation rates of the organic materials.

In these modeling studies, Benedek (1977) used the isotherms and
kinetic constants determined at Morsang to predict breakthrough curves, as
well as cumulative adsorption curves. Figure 97 is a plot of C/C, versus
the throughput parameter, Z, which represents the ratio of substrate fed to
the adsorptive capacity of the GAC.

The non-adsorbable component of the feed immediately broke through
(Figure 97). Thereafter, the concentration of solute in the effiuent
remained unchanged until a value of Z = 0.7 was reached (27 days for the
ozonized feedwater). Subsequently, complete breakthrough occurred in an
additional 27 days.

On a cumulative plot (Figure 98) using a GAC adsorber containing no
biological activity, the adsorption curves rise rapidly and thereafter level
off as no more adsorption occurs. The lower capacity of the activated
carbon for TOC in the ozonized water may be caused by ozonation rendering
the TOC more polar and less readily adsorbed.

With biological activity present in the GAC adsorber, cumulative plots
showed a non-zero slope after adsorptive exhaustion. Figure 99 shows that
TOC removals are very sensitive to the assumed values of Rs, the biological
reaction rate. Moving from the observed value of R¢ = 2.0 x 10-11 g/sq
cm/sec to 5.0 x 10-11 would result in virtually complete elimination of
adsorbable and biodegradable organic materials in the feed waters.

The cumulative removals expected on the basis of Benedek's modeling
studies for the Morsang GAC adsorbers used with preozonized versus non-
ozonized water are shown in Figure 100. Up to an applied TOC loading of 0.23
g/g of GAC, the GAC adsorber which followed non-ozonized water would have
adsorbed more organic materials (both biodegradable and non-biodegradable).
After 0.23 g/g of GAC applied TOC loading, however, the GAC adsorber which
followed ozonized water would be superior in all respects (because of biodeg-
radation occurring in the GAC adsorber), although under the conditions of
Process #3 at Morsang, only siightly more so.

Ozonized water data (Figure 96) and prediction (Figure 100) are compared
in Figure 101. The apparent agreement is acceptable, although the data
should match reasonably well since Rf was obtained from the data of Figure
96. This agreement shows that the model is capable of matching operational
data.
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APPENDIX E
THE DOHNE PLANT AT MULHEIM, FEDERAL REPUBLIC OF SERMANY

BACKSROUND

) From 1962 until April, 1977, the Dohne plant at Milheim processed Ruhr
River water directly (without sand bank filtration) by the following sequence:
breakpoint chlorination (for the removal of ammonia), chemical coagulation,
f~occulation, clarificaticn, filtration, dechlorination (by passage through
+ GAC columns), ground passage and chlorination for residual before introduction
into the three Mlheim distribution systems. Prior to 1962, the Ruhr at
MdTheim was treated simply by slow sand filtration followed by chlorination.

German law prohibits discharges of industrial wastes into the Ruhr
because the Ruhr is used as a drinking water supply by a number of cities,
but allows the discharge of sewage (which is biodegradable). Local industrial
wastes are transported 60 to 80 km north of Milheim to the Emscher River for
discharge. Treatment of the Emscher for potable water applications is
prohibited by German law because of the allowed industrial discharges.

Armonia levels frequently rise to as high as 4 to & mg/1 because of the
prevalence of sewage in the Ruhr. This results in prechlorination dosages
as high as 50 mg/1 for conversion of ammonia-nitrogen to elemental nitrogen.
German law allows a maximum level of 0.6 mg/1 of ammonia in finished drinking
water, Higher levels will require addition of more than 0.6 mg/1 of chlorine
to produce a stable chlorine residual. A maximum dosage of 0.3 mg/1 of
chlorine is allowed by German drinking water laws, but this can be raised to
0.6 mg/1 dosage in exceptional circumstances, with prior approval of health

authorities. )
THE DOHNE TREATMENT PROCESS, 1970 to 1977

High prechlorination dosages were employed (10 to 50 mg/1) to rerove
ammonia. These chlorination levels produced high levels of chlorinated R
organic materials (above 200 microg/1) which were not easily removed by 3AC
“dechlorination" or by subsequent ground passage. Table 88 shows the gld
Dohne water treatment process and the median levels of Dissolved Organic
Chlorine (DOC1), Jissolved Non-polar Organic Chlorine (DOCIN), total haloforms
and amounts of chloroform produced over the last two years that the 91d
process was employed (1975 and 1976) (Sontheimer et al., 1978). Maximum
DOCT values as high as 0.5 mg/1 (500 microg/1) have been observed at Dohne

under extrene conditions.
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During the period 1969 through 1972, detailed pilot plant studies had
been conducted at the Bremen, Germany water works on the biological activated
carbon process (Eberhardt, Madsen & Sontheimer, 1974; Eberhardt, 1975). The
BAC studies at Bremen showed that ammonia can be "removed" biologically
(converted to nitrate) rather than by employing breakpoint chlorination with
its attendant production of chlorinated organics. German drinking water
requlations allow a maximum of 50 mg/1 of nitrate in finished water.

TABLE 88. OLD TREATMENT PROCESS AT THE COHNE PLANT, MULHEIM, SERMANY, AND MEDIAN VALLES Of
CHLORZNATED ORGANICS PRODBLCED JURING 1976 AND 1977

J0C1* DCCie Sam of CHC13
microg/1 | microg/1 | haloformsnicrog/1

Process Stage Treatrent microg/l
Raw water (10 - 17 5 9 below 1
mg/1 SS,
mostly
organics
Cremtcal 10 50 mg/1 Cl2
addition 4 6 mg/1 A1+3
0.1 kw/cum
Ret. time: 2.5 min
Flocculation & 5 15 mg/1 Ca(0H)2
sedimentation Ret. time 1.5 hr - 15 6
Band filtration 13.7 m/hr 203 30 23 7
Giranular 2 =1 high
activated 22 n/br
carbon EBCT = 5.5 nin 151 17 21 7
liround passage Ret time: 12-50 hr | - - - -
Kafety chloriration]0.4-0.8 mg/1 92 18 23 9

' DOC1 = Cissolved Crganic Chlorine, determined by the pyrohydrolysis =ethod of Kiihn &
Sontheirer ?1974)

Z0CIN = Hon polar Jissolved Organic Carbon, extractable from SAC by dioxane

Source: Sonthei~er, et al., 1978

As a result of the successful BAC studies at Bremen, a detailed pilot
plant study was initiated at the Johne plant in Milheim, beginning in
September, 1976 to adapt the BAC process to this plant. The pilot plant
program was successful immediately and the full scale plant was converted to
the BAC process and began initial operations in mid-April, 1977. After 3
moniths of operation, several modifications were made to the plant, and the
new BAC process began operating continuously in its present mode in November,
1977.

367



The pilot plant testing program was continued until mid-1978, to check
the full scale plant operations. At all times, the performances of the full
scale plant have paralleled those of the pilot plant. Through 1979, the GAC
columns have not had to be regenerated and, based on the length of time that
the pilot plant GAC columns functioned without regeneration, it {s predicted
(Sontheimer, 1978) that the full scale plant GAC columns should operate up
to at least two years before regeneration will be required.

The Dohne plant can process 48,000 cu m/day (12.7 mgd) of Ruhr River
water (without sand bank filtration), and {s located in the center of a
residential neighborhood; in fact, 4 residential back yards butt against the
plant property. Breakpoint chlorination had been employed as a pretreatment
step since 1962, and because of the residential location, special attention
had been paid to guard against chlorine leaks or spills.

THE DOHNE PILOT PLANT PROGRAM (Jekel, 1977)

This pilot plant facility began operating at the Dohne plant in Septem-
ber, 1976, under the direction of Prof. Jr. H. Sontheimer. Dr. Martin Jekel
of the Engler-Bunte Institut der Universitdt Karlsruhe carried out the pilot
plant investigations at the Dohne water treatment plant. The BAC process
currently being used on fuil-scale by the Dohne plant is based upon the work
performed by Dr. cekel in this pilot plant.

A schermatic diagram of the Cohne pilot plant is shown in Figure 102.
Ruhr River water (without being treated by river sand bank filtration) was
saturated by air using an injector, then treated with poly(aluminum chloride),
clarified in a Pulsator, and the Pulsator effluent ozonized in a bubble
column using czone generated in air.

The major portion of the czonized water was filtered directly through a
two-stage sand filter then passed through GAC column adsorbers. The pilot
plant filters consisted of two groups of two sand filters each and the
adsorbers consisted of three single GAC contactors, each filled with 2.5 m
of GAC.

A minor portion of the ozonized water was mixed with a small amount of
aluminum sulfate (2.5 mg/1 = 0.2 mg/1 A1t3), filtered through a double layer
sand filter, then passed through two GAC adsorbers.

A parallel pilot plant process was operated in which full-scale plant
water which had been treated by breakpoint chlorination and flocculation
then was treated by ozonation, sand filtration and GAC adsorption.

A11 GAC adsorber/contactors were operated at flow rates of 10 cu rm/sq
m/hr, which was equivalent to an empty bed contact time of 15 minutes. Five
different commercial grades of GAC were tested in the Dohne pilot plant.

In addition to the two parallel pilot plants described above, two
fluidized bed reactors were set up for studying the biological oxidation of
ammonia to nitrate. One of these reactors was supplied with air-saturated
Ruhr River water, the other with ozonized effluent from the flocculator.
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The purpose of these studies was to obtain information concerning collapses
or poisonings of the biomass which had been noted during the preceeding
year.

Comparison of Treatment With & Without Breakpoint Chlorination

Table 89 compares the performance of the two pilot plants with and
without breakpoint chlorination. These plants were operated side by side
under the same processing conditions. Jata shown in Table 89 are the mean
values of DOC (Dissolved Organic Carbon) obtained during October and November,
1976. Prechlorination led to almost no reduction in the initial 5.3 mg/1
DOC content after flocculation, whereas without prechlorination, a 1.4 mg/1
reduction in DOC level was obtained after flocculation. In later treatment
steps (ozonation, filtration, GAC adsorption), the pilot plant without
prechlorination produced better DOC removals than did the pilot plant with
prechlorination.

TABLE 89. COMPARISON OF TREATMENT WITH & WITHOUT BREAKPOINT CHLORINATION

DOC, mg/1
Treatment Step With Cl2 [Without Clg
Ruhr River water 5.3 5.3
After flocculation 5.3 3.9
After 03 & sand filtration 4,7 3.7
After GAC adsorption 3.4 2.4

Mean values of pilot plant data obtained during Oct. & Nov., 1977
Source: Jekel, 1977

The higher DOC concentration in the prechlorinated water caused an
early breakthrough of the GAC adsorber, as shown in Figure 103. This
figure shows the percent reduction in concentration of organic materials (as
measured by UV absorption at 254 nm) versus the amount of water passed
through the GAC for the two process waters. The upper curve (with biological
treatment in the GAC) was extended at least up to a flow of 40 cu m/1 of
GAC, without any significant decrease in DOC removal efficiency. This
amount of flow corresponded to a GAC column operating time of more than 1
year.

GAC Adsorption Versus Biological Activity

Table 90 compares the mean D0C concentrations in GAC colurn effluents
obtained during the first three months of use (during which time COC removal
was primarily by adsorption) with the COC concentrations obtaineq during tre
next 8 months of operation (during which time DOC removal was primarily by
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biodegradatjon). Significant differences were observed for the five activated
carbons during the initial adsorptive period. On the other hand, during the
biological period which followed, few differences in 20C removals were
observed. Only the F-400 GAC, which has a smaller grain diameter, perforred
better than the other four carbons. This indicates that biological activity
gﬁesexgt depend upon adsorptive capacity, but may depend upon grain size of

e .

without breakpoint

90- chlorination

80

70
with breakpoint

60 chlorination

% reductionin UV
extinction value

50 !
0 2 4 6 8 10 12 14 16 18 20

water/liter of GAC, m3

Figure 103. Influence of prechlorination on the
effectiveness of a process consisting
of flocculation, sedimentation, ozona-
tion, filtration and GAC treatment,

(sontheimer et al., 1978)

Figure 104 shows the removal perforrmances of the pilot plant GAC adsor-
bers in g of DOC/cu m of 3AC/day and the total organic loadings of the
various types of GAC tested during the first 18 months of operation (Jekel,
1979). These data were interpreted by cekel (1979) as indicating that the
breakthrough behavior of biologically active GAC adsorbers is influenced,
among other factors, by the adsorbed biologically resistant organic substances.

Figure 104 also shows that an average of about 75% of the total organic
materials removed is biologically oxidized, while the remainder, primarily
biologically-resistant materials, is removed by adsorption. DJue to the
enrichment of these compounds on the GAC surfaces, recognizable by the
increased GAC loading values in the lower section of Figure 104, the total
removal performance of the GAC adsorbers clearly falls off, particularly
during the third half-year period of operation.

Juring this third half-year period, a clear improvement in the quaiity
of the raw water occurred in the Ruhr river, the influent COC decrea§1ng
from about 2.5 to 1.8 mg/1. This intensified the observed decrease in 5AC
performance. Mevertheless, Cekel (1979) concluded that the operating time
of biologically active GAC adsorbers for the treatment of Ruhr river water
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at the Cohne pilot plant was prolonged by a factor of approximately 4 in
comparison with GAC columns operating purely by adsorption.

TABLE 90. CCMPARISON OF DOC REMOVED DURING FIRST 3 AND SECOND 8 MONTHS OF
USE OF GRANULAR ACTIVATED CARBON FOR 5 ACTIVATED CARBONS

DOC, mg/1
10-12, 1976 [1-8, 1977

Treatment Step (adsorption)! (biological)
After sand filtration 3.5 2.6
After GAC contacting

LSS 2.5m 2.2 1.7

LSS 5.0m 1.2 1.1

ROW 2.5m 1.9 1.8

ROW 5.0m 1.0 1.3

NK-12 2.5 m 2.4 1.8

F-400 2.5m 1.6 1.5

BKA 2.5m 1.9 1.8

Source: Jekel, 1977

Ozonized clarifier effluent treated with 2.5 mg/1 of aluminum sulfate
then passed through LSS GAC during the adsorption period (October to December,
1977) resulted in further reduction in DOC levels, due to precipitation of
insoluble alum sa'ts of (probably) organic acids, formed by oxidation during
ozone treatrment. Pertinent data are compared in Table 91, which also show
that a deeper GAC column removed more 30C.

Chemical Balancing of Biological Activity

It was concluded that biological activity in an aerobic, filter -
adsorber system leads to:

1) biological degradation of dissolved organic compounds (DOC)

2) the formation of COp (from which the anount of inorganic carbon
formed was ealculated) from the DOC,

3} oxidation of ammonia to nitrate and

&) consumption of dissolved oxygen by both processes.

Measurement of these three parameters yielded information as to the
rate of biological activity occurring during passage through GAC adsorbers.
Each mg/1 of DOC removed biologically consured 1 mg/1 of dissclved oxygen
and produced 1 mg/1 of inorganic carbon (calculated from the amount of €02
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measured): Each mg/1 of ammonia oxidized used 3.6 mg/1 of DO (based upon
t!}i eguat'non NHgt + 209—-N03~ + 2Ht + Hp0) and produced 3.4 mg/1 of
nitrate ion.

TABLE 91. REMOVAL OF DOC AFTER TREATING OZONIZED WATER WITH A1+3

DOC, mg/1
10-12, 1977
Treatrment Step (adsorption)
After flocculation + 03 +
alum + sand filtration 3.2
After GAC adsorption
LSS 2.5m 1.8
LSS 5.0m 0.9
Mean values of data obtained during the period of study
Source: dJekel, 1977

Table 92 shows the mean values for reduction in levels of DOC, NHa* and
DO and mean values for increases in inorganic carbon found over the period
January to March; 1977, 3uring this time the mean water temperature was
6.8°C. Nearly all COC removed in the first 2.5 m of GAC columns was found
as inorganic carbon in the effluent. The ratio, -ADOC/+A(inorganic carbon)
was unity or slightly higher for all GACs tested, except for the NK-12, for
whicn the ratio was 0.83. A ratio of less than 1 indicates that nearly all
of the J0C being removed was being degraded biologically. A ratio of about
1 indicates that the BAC system was in biological equilibrium.

However, in the next 2.5 m of activated carbon (see data for 5 m 3AC
columns), the ratio -ADOC/+A(inorganic carbon) was significantly greater
than 1. Therefore, more DOC was being removed from solutfon than was being
degraded biologically. Since the data for 2.5 m GAC column heights show
that biological equilibrium had been attained (rate of COC removal was equal
to the rate of inorganic carbon production), the additional D0C being removed
by the 5 m high columns must have been a result of adsorption in the lower
half of the columns, in which biological equilibrium had not yet been attained.

Data in Table 92 also show that the ammonia levels were reduced to near
sero in the first 2.5 m of GAC depth without showing any significant perfor-
mance differences between 3AC types. Increasing the GAC depth to 5 m did
not increase the amount of ammonia converted to nitrate_sign1f1gantly. This
means that nearly all of the ammonium fon was oxidized in the first 2.5 m

depth of GAC.
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JABLE 92. BICLOGICAL ACTIVITY IN PILOT PLANT GAC COLUMNS, JAN.-MAR., 1977

Alinorganic | 3DOC/A{1n-
aD0C | carbon) org C) AnHgT | a0
Treatment Step mg/1 mg/1 rg/1 mg/1
After GAC adsorption
LSS 2.5m 1.1 1.0 1.1 1.43 7.2
ROW 2.5 m 1.2 1.1 1.09 1.41 7.2
NK-12 2.5 m 1.0 1.2 0.83 1.45 7.1
F-400 2.5 m 1.3 1.2 1.08 1.43 7.1
BKA 2.5 1.2 0.9 1.33 1.44 7.1
LSS 5.0m 1.6 1.2 1.33 1.46 7.7
ROW 5.0m 1.7 1.3 1.31 1.47 7.7

Sand filtrate contained 2.6 mg/1 DOC and 1.53 mg/1 NH4+
Mean water temperature: 6.8°C
Mean values of data obtained over the 3 month period

Source: Jekel, 1977

Table 93 shows similar data obtained during the summer period of June
to August, 1977 when the mean water temperature was 19.5°C. The feed to the
GAC adsorbers was ozonized water from the full-scale plant after floccula-
tion and sand filtration. As a result, the ammonia concentration was zero
and the pilot plant GAC columns thus showed no nitrification activity.
Comparison of the amount of DOC removed with the amount of inorganic carbon
produced at 19.8° (Table 93) or at 6.8°C (Table 92) showed no significant
differences because of water temperature.

However, 1t is significant that during the June to August, 1977 period,
the ratio of ADOC/A(inorganic carbon) was slightly less than 1 for the
activated carbons NK-12, F-400 and BKA (at 2.5 m bed depths) and for LSS and
ROW activated carbons at 5.0 m depths. This indicates that more Z0C was
being converted to inorganic carbon than was being removed from the influent
solution, which 1mplies that biological regeneration of the GAC was occurring.
The biological reactivation of GAC is belfeved to have been demonstrated
unequivocally later in the full-scale plant (see Figure 108, later in this

Appendix).
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TABLE 93.

BIOLOGICAL ACTIVITY IN PILOT GAC COLUMNS, JUNE-AUG., 1977

A{Tnorganic ;OCAS’ +
Treatment Step ﬁgg% ;gy?on) (inorg ) Axg?1 ﬁg 1
After GAC Adsorption
LSS 2.5 m 0.9 0.8 1.13 0 2.8
ROW 2.5 m 0.9 0.8 113 0 2.7
NK-12 2.5 m 1.0 1.1 0.9 0 2.4
F-400 2.5 m 1.2 1.3 0.92 0 3.0
BKA 2.5m 1.0 1.2 0.83 0 2.0
LSS 5.0m 1.3 1.4 0.93 0 3.5
ROW 5.0m 1.3 1.4 0.93 0 3.5
Sand filtrate contained 2.8 mg/1 COC and ‘ess than 0.05 mg/1 VH4+
Mean water temperature: 19.5°C
Mean values of data obtained over the 3 month period
Source: Jekel, 1977

Table 94 presents data obtained over the 6-month period (January to
June, 1977) after a 3-month starting period, The ratios of LDOC/A(inorganic
carbon) were always greater than 1, except for NK-12 activated carbon (at
2.5 m bed depth). These data, gathered over double the length of time than
those of either Table 92 or Table 93, indicate that slightly more D0C was
being removed than was being converted into inorganic carbon. Therefore,
slightly more adsorption of DOC was occurring than was biological degradation.

Bactarial Counts in the GAC Adsorber Effluents

Table 95 shows total bacteria counts in the effluents of a 2.5 and 5.0
m high GAC column with pilot plant process water involving no prechlorination.
The data indicate that as biodegradable DOC was removed in the 3AC columns,
the number of bacteria in the effluents decreased. This shows that it is
possible to convert Z0C into biodegradable organic materials which then can
be bicdegraded in the water treatment plant (in the GAC contactors). The
greater the amount of biodegradable JOC that can be removed in the treatment
plant, the Tess will be the amount of biological aftergrowth which can occur
after safety chiorination and after the chlorinated water is sent to the
distribution system. Such treatment practice also can be expected to lower
the amount of chlorine required to provide a measureable chlorine residual

in the distribution system,
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TABLE 94. BIOLOGICAL ACTIVITY IN PILOT GAC COLUMNS. MEAN VALUES FOR A
6-MONTH PERIOD (JAN-JUNE, 1977) AFTER A 3-MONTH STARTING PERIOD

|| .

{g A{in- ADOC/A{in- +

fter Bed ADOC org C) org C) ANHg 402

AC . Depth mg/1 mg/1 ng/1 : ma/1
LSS 2.5a _ 0.92 0.83 1.1 .31 . 6.32
LSS 5.0m ° 1.69 0.96  1.76 1.3 6.67
RO 2.5m . 1,09 0.97  1.12 131 6.49
ROW  5.0m  1.59 1.05  1.51 1.3 6.71
NK-12  2.5m  0.99 1.36  0.73 1.28 . 6.03
F-400 2.5m - 1.26 1.1 1.14 .32 6.9
BA  2.5m _ 1.00 0.97  1.03 1.28 5.9

Source: Sontheimer et al,, 1978

TABLE 95. TOTAL BACTERIAL COUNTS IN BIOLOGICALLY ACTIVE GAC ADSORBERS

. __No. of Bacterja/ml |
Treatment Step Mg Jq
After sand filtration 6,040 4.9
After GAC Adsorption, 2.5 m 747 8.1
After GAC Adsorption, 5.0 m 253 4.8
M_ = geometric mean value l

g
g = geometric standard deviation

Source: Sontheimer et al., 1978

Fluidized Bed Reactors For Ammonia Oxidation

During the summer of 197€, pilot plant studies were conducted at the
Johne plant using air-saturated Ruhr River water passed upflow through
fluidized sand beds for biological removal of amwonia rather than breakpoint
chlorination. Aeration provided sufficient dissolved oxygen to allow
nitrification of all ammonia originally present at the time. This technique
has been developed at the Water Research Center at Medmenham, England. The
biological activity was very effective during the first month, but then two
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collapses of the biomass occurred. High concentrations of heavy metals were
found in the fluidized solids, adsorbed or incorporated from the river
water, and these were suspected of having poisoned the nitrifying biomass.

A new fluidized bed pilot plant reactor was set up and was fed with
ozonized effluent from the full-scale plant (no breakpoint chlorination).
Heavy metals were removed effectively during the flocculation step. The
fluidized bed reactor was operated during the June to August, 1977 period at
the rate of 10 m/hr and the mean water temperature was 19.5°C.

Mean data obtained during this period are shown in Table 96, which also
shows data obtained from aerated Ruhr River water without flocculation and
ozonation. The level of ammonia decreased with no collapses or poisoning of
the biomass using the flocculated and ozonized water over a period of 1
year. In addition, about 1 mg/1 of DOC was removed biologically in each
reactor. The amount of dissolved oxygen utilized corresponded to that
expected from the biological oxidation reactions observed.

TABLE 96. BIOLOGICAL OXIDATION IN FLUIDIZED BED REACTORS

NHa* DOC 00

Treatment Step ma/1 mg/1 mg/1
Ruhr River water + aeration | 0.91 4.5 8.5
After ammonia reactor 0.09 3.5 2.6
LDecreases in levels 0.82 1.0 5.9
fter clarification + 03 0.39 3.1 9.1
After ammonia reactor 0.05 2.2 4.6
Decreases in levels 0.34 0.9 4.5

Flow velocity: 10 m/hr
Mean water temperature: 19,5°C
Mean data values obtained over the 3 month period

Source: Jekel, 1977
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THE BAC PROCESS AS INSTALLED, APRIL 1977

Based on the successful early pilot plant results with the new ozonation
process, thg breakpoint chlorination step at the full-scale Cohne plant was
eliminated in April, 1977 and ozonation of the clarifier effluent was begun.
Qohng's treatment process as it was instituted in mid-April, 1977 is shown
in Figure 105 (Sontheimer et al., 1978). Ruhr River water, which contains
about 10 mg/1 of suspended soTids (mostly organics) is pumped into a flash
mixing tang (1.8 x 1.8 x 5.2 m) which contains a high speed aspirating
turbine which uses 2.5 kw of power per cu m of tank volume. Water is dosed
with 4 to 6 mg/1 of poly(aluminum chloride) and an average of 1 mg/1 of
ozone. Most of the ozone used in this preozonation step is obtained from
the off-cases from the second (major) ozonation step. In fact, all of the
off-gases from the second ozonation step are drawn into the flash mixing
tank by the suction action of the aspirating turbine. Additional quantities
of fresh ozone, as required, are added to these off-gases. Additional ozone
is required whenever the manganese content o€ the raw water is high (see
below) or when algae levels rise in the river (Spring and Fall).

Residence time in the flash mixing chamber is about 0.5 minute.
During this time, nearly all of the ozone added in this chamber is utilized
in performing various oxidation functions. Only 3% of the ozone originally
generated is present in the off-gases from the flash mixing chamber. The
combination of ozone plus high speed mixing results in improved flocculation
of suspended solids in the prasence of the hydrolyzed aluminum chloride.

After flash mixing, the water is pumped to a Jegrémont Pulsator for
clarification where 5 to 15 mg/1 of Ca(OH) could be added, if reeded. The
Pulsator consists of 2 basins, each 27.7 x 13.2 x 4.2 meters in dinension.
Distribution of water in the Pulsator is achieved by means of perforated
asbestos cement pipes, which allows for good final flocculation within the
floc blanket. Clarification tire is 1.5 hrs. By this treatment, turbidity
of the water is lowered to 0.4 to 0.8 FTU.

The ozonation system is supplied by Trailigaz, and consists of 2 ozone
generators, each containing 220 water-cooled dielectric tubes and each
capable of generating 4 kg of ozone/hr at a concentration of 20 to 25 g of
ozone/cu m of air (8 kg/hr total ozone generating capacity,.

The ozone dosage at this point in the process averages 2 mg/1, the
contact time is 5 minutes, and this step is controlled by rmonitoring 0.3
mg/1 of dissolved ozone residual at the exit of the contact chamber. Ozone
contacting efficiency in this single diffuser chamber is 90%. A further
reduction of turbidity level usually is achieved at this point by tge forma-
tion of larger flocs, caused by agglomeration of residual solids. In addi-
tion, organics are oxidized to more polar compounds which are capable of
being flocculated by aluminum cations and also become more biodegradable.

0ff-gases from this primary ozonation step (containing 10% of the
originally generated ozone) are drawn back into the flash mixing tank by the
high speed aspirating turbine and are injected into the raw water. If the
manganese content of the water after the Pulsator clarification step is
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greater than 0.05 mg/1, then additional fresh ozone is added to the flash

mix chamber. Manganese content is monitored at *his point in the process.

Additional ozone also is required when the algae content of the raw water

rises (1n‘the Spring and Fall). During such periods, simply doubling the

preozonation dosage from 1 mg/1 to 2 mg/1 overcomes any tendencies of the

?;g?g to]g;g§ the filters; the treatment process is otherwise unaffected
0 e’ .

The use of off-gases from the primary ozonation step in the flash
mixing chamber allows 97% of the generated ozone to be utilized in performing
useful work. The flash mixer off-gases contain only 3% of the ozone genera-
ted, and this is destroyed by passage through a Degussa catalytic destruction
unit (palladium on alumina) at 60°C before the gases are'discharged to the
atmosphere.

Ozone 1s monitored (1) in solution after the primary contact chamber,
(2) in the primary contactor off-gases (by a Hartman & Braun monitor, Metz,
France) and (3) in the ozoneur room atmosphere (by a Wallace & Tiernan KI
monitor). This last monitor will cause an alarm to be signalled at the
control panel if the ozone concentration in the room atmosphere exceeds 0.05
ppm. In addition, the plant provides Drdger tubes for plant personnel to
qitgrmjnedthe ozone concentration manually at various places in the plant,
if desired.

After ozonation, the water is pumped to 4 horizontal pressure sand
filters (1.6 m high -- see Figure 106), for filtration at the rate of 11 cu
m/sq m/hr (11 m/hr). It had been planned tec dose 0.2 mg/1 of poly(aluminum
chloride) and 0.1 mg/1 of polyelectrolyte after installation of new dual
redia filters in December, 1978, if necessary for further turbidity removal.

After sand filtration, the water is passed through 4 GAC adsorbers,
each containing media which is 2 m high and 5 m in diameter, at the rate of
22.5 cu m/sq m/hr. CZuring the period April to July, 1977, these carbon
contactors contained the same GAC as had been used for dechlorination in the
old process. Because of this, the GAC was "fully loaded" with chlorinated
organics. Empty bed contact times of these 2 m high GAC contactors is 5.5

minutes.

Following passage through the GAC columns, the water then passes into
15 injection wells for storage in the ground where it remains 12 to 50
hours. When removed for distribution ?from wells within 50 m of the infiltra-
tion points), 0.4 to 0.8 mg/1 of chlorine is added. This low dosage provides
a stable, measureable 0.1 mg/1 chlorine residual in the MiiTheim distribution
system. The measureable 0.1 mg/1 chiorine residual is required by Serman
drinking water regulations. However, even the 0.4 to 0.8 mg/1 safety chlori-
nation dosage is above that normally authorized under German driqking water
regulations (0.3 mg/1, maximum), and an exception had to be applied for and
granted to allow this high a dosage to be used at the Cohne plant.
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PROCESS PERFORMANCE, APRIL-JULY, 1977

In Table 97 are 1isted the Dissolved Organic Carbon (COC), ultraviolet
absorbances and ratios of UV/DOC measured at various process points for 1975
(old process), 1976 (o1d process) and April to July, 1977 (new process using
old GAC). DOC is determined after passing the sample through a 0.45 micron
fi]ger_by oxidizing all dissolved carbonaceous materials with ultraviolet
;ggl§t1on and measuring the amount of COp formed (W81fel & Sontheimer,

Ultraviolet absorbance of process waters is measured at 254 nm in 1 or
5 cm cells, but then is calculated for cell lengths of 1 meter. This
measurement relates to the amount of carbon-carbon unsaturation contained in
the molecular structures of the dissolved organic materials. Unsaturation
can consist of individual carbon-carbon double bonds, aromatic nuclei (multi-
ple and conjugated C=C bonds) or carbon-oxygen (C=0, carbonyl) functions.
Ozonation destroys many isolated carbon-carbon bonds and most aromatic
moieties, converting them to CO» or to carbonyl groups, thus lowering (but
not totally eliminating) the total UV absorbance value.

The UV/DOC ratio by itself is not as meaningful as is the change of
this ratio in comparison with changes in both components. If J0C values
remain constant while the UV absorbance decreases, this indicates that
unsaturated organics are being converted to saturated, dissolved, oxidized
organic products (which may contain more carbonyl functions), but not to COp
and water. If both UV absorption and J0C decrease, this indicates that
unsaturated organics are being destroyed and that DOC is being converted to
C02 and water.

Table 98 compares the mean DOC values obtained by the old process
during 1975 with the mean values obtained during May to August, 1977.
During this later period, the GAC adsorbers were operated with the exhausted
carbon used in the old treatment process. It is apparent that ozoration
enhanced the biodegradation of DOC during ground passage. In addition, it
is also clear that chlorinated organics were not being synthesized since the
prechlorination step had been eliminated. Ammonia levels were reduced from
an average of 1.07 mg/1 in the influent to zero after ground passage. Some
ammonia ?0.25 mg/1) was removed biologically during flocculation and most of
it (0.60 mg/1) during sand filtration.

PROCESS MODIFICATIONS, NOVEMBER, 1977

After the initial testing period of April to July, 1977, the following
plant modifications were made during August to October, 1977, the plant was
restarted in November, 1977 and has been operating continuously since:

1)  The granular activated carbon depths were doubled from 2 meters to 4
meters (see Figure 107). This increased the empty bed contact time in
each filter from 5.5 to 11 minutes. At the same time, each of the four
GAC columns was charged with a different fresh granular activated
carbon (NK-12, F-300, LSS and AG-1). Three of these four activated
carbons had been studied in the pilot plant. The intent of the Johne
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TABLE 97. MEAN DOC AND UV-EXTINCTION VALUES FOR THE DIFFERENT TREATMCNT STEPS AT THE DOHNE PLANT

1975 1976 April-July 1977* Nov. 1977~
Sampling Point pDOC [ UV /DOC}| DOC T OV gv/o0C || poc§ uv uv/D0C June, 1978**
#mg/] 254 nmiratio {jmg/1 {254 nmiratio [mg/1 |254 nm{ratio DOC, mg/l
m-! Tn m- m-1
Raw water (Ruhr) if 3.91 6.8 1.81 5.0} 9.1 1.8 3.6}6.1 1.7 2.4 - 3.7
After floccula- 3.2]4.5 1.4 § 4.0 } 5.5 1.4 2.9]1 3.2 1.0 1.8 - 3.0
tion & sedimen-
tation
After filtration {§ 3.2] 4.4 1.4 }{3.8] 5.6 1.4 2.611.8 }1.0 1.7 - 3.1
After GAC
adsorption 3.0} 4.0 1.3 4] 3.7 | 5.3 1.4 2.311.6 0.7 1.0 - 2.6
After ground 1.8} 3.1 1.8 2.1 4.0 1.9 0.911.4 |1.6 .-
passage

* GAC adsorbers filled with fully loaded GAC, used during old process

**  Source: Jekel, 1978, otherwise Sontheimer et al., 1978
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plant management is to test all four activated carbons in the full

scale plant, side by side, to select the best performing type at some
future date. One-fourth of the sand filtered water is passed through
each GAC contactor. Thus the water is in contact with only one of the
four activated carbons being tested. After GAC contacting, the effluents
from the four GAC contactors are blended in the slow sand filters, in

the injection wells and in the underground reservoir.

TABLE 98. COMPARISON OF OLD & NEW PLANT PRCCESSES FOR REMOVAL OF 20C & NH4:

old process new process
1975 May-Augqust, 19//

DoC DOC NHq™

Treatment Step mg/1 mg/1 mg/1

Ruhr River water 3.9 4.0 1.07

Efter flocculation 3.2 3.1 0.82

fter 03 + sand filtration ——— 2.8 0.22
After GAC contacting 3.0 - -
JAfter ground passage 1.8 0.9 0

Source: Jekel, 1977

2)

Pure oxygen is added after ozonation, at the pumps which send ozonized
water to the sand filters. Some 80% of the nitrification has been
found to occur in the sand filters and the remainder occurs in the GAC
contactors. During the summer, all of the nitrification occurs in the
sand filters.

Since each mg of ammonfa-nitrogen requires 3.6 mg of dissolved oxygen
for conversion to nitrate (assuming the equation: NHg* + 20 NO3-

+ 2H* + Hp0), it is apparent that a raw water ammonia level of 5 to g
mg/1 will require 18 to 22 mg/1 for nitrification alone. In addition,
biological conversion of dissolved organic carbon to CO; and water also
requires dissolved oxygen (2 mg of DO for each mg of DOC converted to
C0o). Such Tevels of dissolved oxygen cannot be supplied solely “rom
air, which saturates the water during ozonation. Aeration produces
maximum DO levels of only 8 to 11 mg/1, depending upon the water tempera-
ture, Addition of pure oxygen, however, can provide 30 levels up to 45

mg/1.

Liquid oxygen (LOX) is stored in a 3 cu m tank in the room which used

to house the chlorine cylinders. This is vaporized (2 LOX evaporators
are installed, one for backup) and the gaseous oxygen is introduced to
the ozonized water at the pumps which send the water to the sand
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filters. This pump provides considerable mixing action for water and
gas. No special corrosion problems have been encountered during the
first seven months of operation and no changes in the materials of
construction of the pumps have been required.

The DO is monitored at the outlet of the GAC contactors. Addition of
gaseous oxygen is controlled by maintaining a level of 7 mg/1 at the

GAC column outlets. Average oxygen dosage to attain this 7 ng/1 residual
DO level usually is around 10 mg/1. As a rule, excess dissolved

oxygen can cause outgassing, which can cause mechanical problems

during filtration. However, since the oxygenated water at the Cohne
plant is under 1.6 bar pressure, no outgassing problems have been
observed during the first 7 months of operation.

3) The second poly(aluminum chloride) + polyelectrolyte addition step
(after the primary ozonation step) has not yet been found to be neces-
sary. This is because the flash mixing step utilizing poly(aluminum
chloride;, 1 mg/1 of ozone and high speed agitation has been so effective
in Towering turbidity (to 0.1 FTU after sand filtration). Sigrist
turbidity meters have been installed after sand filtration to monitor
turbidities at this point (see later discussion on head loss vs turbidity
breakthrough of the sand filters).

As of June, 1978, the Dohne plant had a total of 41 monitoring points
in the plant.

PERFORMANCE OF MODIFIED BAC PLANT PROCESS

Plant performance data obtained over the period November 1977 through
May, 1978 are listed on the far right hand side of Table 97. It is clear
that the DOC of water exiting the GAC contactors was lower than that obtained
at the same point during the April to July, 1977 study. This difference may
be due to one or more of several factors:

1)  the increased EBCT of the 4 m 3AC columns (11 minutes vs 5.5)

2) the use of virgin GAC in November 1977 vs "fully loaded" 3AC used
earlier

3) higher levels of dissolved oxygen (pure oxygen was not added
during the April to July, 1977 tests). This effect would be
expected to be minor compared with the first two.

Wher the four new GAC columns were started up in November 1977, DOC
values in their effluents were very low, on the order of 1.2 to 1.6 mg/l.
However, these effluent levels increased over the next few months, reaching
2.1 to 2.6 mg/1 during the May to June, 1978 period. These increases were
attributed to the Spring algae bloom. Pertinent data in this regard are

listed in Table 99.
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TABLE 99. DOHNE PLANT PERFORMANCE DATA SINCE NOV. 1977. DOC DATA, ma/1

Sample Point 11-12/77 {1-2/78 3-4/78 5-6/78
Raw water 3.0 3.0 2.4 3.7*
After 0, + floccln 2.5 2.7 1.8 3.0

After sand filtrn 2.5 2.6 1.7 3.1

After GAC

-Lurgi NK-12 1.3 1.7 1.5 2.5

-Calgon F-300 1.2 1.0 1.2 2.1

-Lurgi LSS 1.6 1.9 1.6 2.6

-Essen Rsch AG-1 1.4 1.5 1.5 2.6

* hg?2§; LCOC Tlevels during this period are attributed to the Spring algae

Data of Table 99 are interpreted by Jr. M. Jekel of the Engler-Bunte
Institute of the University of Karlsruhe as indicating adsorptive removal cf
DOC during the initial 6 month period of carbon use. During this time,
biological activity was building up to equilibrium very slowly (because of
the low water temperatures) and the ratio -ADCC/+A(inorganic carbon) was
greater than 1. The May to June 1978 data indicate that biological activity
had increased. The ratio of -ADOC/+A(inorganic carbon) passed through unity
and became slightly less than 1.

The values for ADOC and A(inorganic carbon) are plotted in Figure 108
for the period November, 1977 through July, 1978. During July, the rate of
formation of inorganic carbon increased significantly, and the ratio
-ADOC/+A (inorganic carbon) decreased to 0.55.

This behavior confirms the data obtained during the Bremen pilot plant
studies. During the initial 3 to 4 months, the removal of dissolved organics
by virgin GAC took place primarily by adsorption. The maximum removal of
organics by adsorption took place for about 6 weeks, after which the degree
of removal of organics decreased to 25 to 33% over the next 3 to 4 months.

As the biological activity in the GAC media increased, however, the amount

of dissolved organic carbon removed from solution by adsorption plus biologi-
cal activity increased [at the Dohne plant) to just over 50% of the amount
removed by virgin GAC. This 50+% removal remained constant over the last

two months for which data are reported (the 6th and 7th months after virgin

GAC startup).
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Based upon the rore than two year long pilot plant program which he
conducted at the Dohne plant, Dr. Jekel anticipates that this 50+% dissolved
organics removal will continue for up to 2 years before reactivation of the
GAC may be required. Dohne's plant management has budgeted for regeneration
on this basis (see later section in this Appendix on Costs).

Or. Jekel also believes that had the new GAC columns at Dohne been
started up during the summer period of higher water temperatures, high
levels of biological activity would have been established in a much shorter
time, say 2 to 3 months.

Substantiation of the increasing biological activity in the GAC columns
is shown in Table 100, which lists the increase in inorganic carbon concen*ra-
tions obtained during passage through the GAC contactors for the periods
January to April, 1978, and May to June, 1978. During the May to June
period, production of CO2 more than doubled in all 4 GAC columns. These
data should be coupled with those of Table 99, which show that the COC in
the GAC column effluents was about 67% higher during the same period than
during March to April, 1978.

TABLE 1CO. DOHNE PLANT PERFORMANCE DATA, JAN.-JUNE, 1978, BIOLOGICAL
PROJUCTION OF INORGANIC CARBCN IN GAC CONTACTORS

Inorganic Carbon Produced
(CO2 as C), mg/1)

GAC Contactor Contg* Jan-April, 1978 May-June, 1978
NK-12 0.2 0.5
F-300 0.2 0.6
LSS 0.3 0.6
AG-1 0.3 0.8

e Juring these studies there was no armonia in the GAC influent.
Therefore, no nitrification was occurring.

When the water temperature rose in the Spring of 1978, the biological
activity in the activated carbon columns increased significantly, and the
amount of CO2 produced more than doubled. The amount of COE produced
during the May to June, 1978 period with the carbons LSS and AG-1 actually
was greater than the amount of J0C being removed from the GAC influent
(Tabie 101). This indicates that some biological regeneration of the 3AC
must have been occurring. Since the only sources of dissolved organic
carbon to produce CO2 were the influent water and what had been adsorbed by
the GAC during the winter period, the excess C02 produced over that present
in the influent water must have arisen from the biodegradation of adsorbed 30C.
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TABLE 101. DOHNE PLANT PERFORMANCE DATA. COMPARISON OF 30C REMOVED VERSUS
INORGANIC CARBON PRODUCED IN BIOLOGICALLY ACTIVE GAC CONTACTORS
DURING MAY - JUNE, 1978

GAC Type DOC removed, mg/1 j inorg C produced, mg/l
LSS 0.5 0.6
AG-1 0.5 0.8
BUT
NK-12 0.6 0.5
F-300 1.0 0.6
Source: Jekel, 1978. Private Communication

A significant benefit of the new BAC process to the Rheinisch Westfdlis-
chen Wasserwerksgesellschaft mbH, 1s that the amount of chlorine dosage
required to produce the 0.1 mg/1 of chlorine residual has been lowered from
0.4-0.§ mg/1 to 0.2-0.4 mg/1, halving the amount of chlorine formerly used
fgr this purpose and bringing Dohne's chlorine dosage down to levels used
with less polluted and treated surface waters, such as lakes, reservoirs and
some groundwaters,

During the pilot plant testing program at Dohne, pronounced slowing
down of biological activity was noticed in the GAC adsorbers whenever the
DOC in the influent to the adsorber dropped below 2 mg/1 and approached 1
mg/1. This slowing down of biological activity is believed to have been
caused by a shortage of biodegradable substances over a longer period.

RELATIONSHIP OF EPA'S PROPOSED ORGANICS REGULATIONS REGARDING GAC TO OCHNE
PLANT PERFORMANCE

EPA's proposed regulations for the use of GAC to remove synthetic
organic chenicals (S0Cs) from U.S. waters would require that the GAC be
regenerated when the TCC in the GAC effluent becomes 0.5 mg/1 higher than
that obtained with virgin GAC. The proposed regulations alse would require
that the TOC removed by virgin GAC be at least 50% of that in the water
influent to the GAC column.

It can be seen from the data of Table 99 that if EPA's proposed regula-
tions were to have been applied to the modified Dohne treatment process (4 m
GAC columns; 11 minute EBCT) that 50% TOC removal was obtained by only one
of the four activated carbons being used. Only the F-300 carbon removed 50%
or more of the influent (to the GAC column) TOC and continued to provide
this amount of TOC removal through April, 1978 (5 months). However, jt is
probable that longer empty bed contact times with the other three activated
carbons would have produced the desired initial 50% removal of TCC.
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On the other hand, continued removal of TOC by all four activated
carbons at Johne would have met the proposed EPA requirement of no more than
a 0.5 mg/1 maximum increase in effluent TOC concentration through April,
1978 (5 months).

On the basis of these considerations alone, one would conclude that
only the F-300 GEC would meet the proposed EPA requirements at Dohne, with
an lg migute EBCT, and that this carbon would have to be regenerated after 5
ronths of use.

However, when biological equilibrium had been obtained in April, 1978
(after 5 months of use), the F-300 activated carbon now allowed 0.9 mg/1 of
DoC more in the GAC column effluent than did the virgin activated carbon.

At this time, only about 33% of the DOC in the GAC influent was being removed.
After an additional 2 months of use, however, the degree of COC removal had
risen to about 50% (see Figure 1C8). This performance was expected to

remain essentially constant (33 to 50% DOC removal) for at least the next 18
months (through 1979). At this 11 minute empty bed contact time, F-300 3AC
would not, however, meet the proposed EPA regulation which would 1imit the
effluent TOC level to only 0.5 mg/1 above that obtained with virgin GAC.

On the other hand, performances of all four of the biologically active
GAC columns at Dohne during the period May to June, 1978 are considered *o
be satisfactory by the RWW, and no plans are being made to reactivate the
GAC until after two years of use. Even though only 33 to 50% of the influent
DOC is being removed, the GAC is not saturated with the very strongly
adsorbed, more refractory, halogenated organic materials which are present
in the Ruhr River only in very low concentrations. GAC column performances
at Dohne are being followed closely, not only by DOC, UV and UV/DOC ratios,
but also by TOC1 and TOCIN analyses. As long as the rate of Z0C removal
remains constant at 33 to 50% and there is no indication of TOC1, TOCIN or
bacterial breakthroughs, Dohne plant management does not plan to regenerate
the GAC, at least during the first two years of use.

SAND FILTER OPERATIONS

Dohne's 4 sand filters (before the GAC contactors) are 3.9 m diameter,
30 m long cylinders, with sand 1.6 m deep and fed with ozonized then oxygena-
ted water at the rate of 11 m/hr (9 to 10 minutes EBCT). Before ozonation
was incorporated into the process, the running time of these filters was 2
days, then backwashing was required because of increased head loss. Since
ozonation has been installed, however, the running times have increased to 7
days. Furthermore, the indicator of backwashing need during 1978 no longer
was head Toss, but rather breakthrough of turbidity (0.4 to 0.8 FTU before
sand filtration -- 0.1 FTU after). When the turbidity of the filtered water
rises above 0.2 FTU, the filters are backwashed. Breakthrough of turbidity
rather than head loss is the reason that Cchne has installed turbidity
monitors after sand filtration (Jekel, 1978b).

In Cecember, 1978, however, Dohne plant management planned to change

the sand filters, because it wants to control *his sand filtration step by
head loss, not by turbidity breakthrough. The new filters will be composed
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of dua1.carbon media. The lower layer will be hydroanthracite and the upper
layey w111.be a !ight density granular activated carbon. This light density
GAC is a filtration medium, and has very poor adsorption qualities.

During the summer of 1978, "a population explosion of nematodes" was
observed to have developed both in the rapid sand filters and in the following
GAC adsorbers at the Cohne plant. These growths were shown to have been
caused by the extended intervals between backwashes, during which the nema-
todes developed. When the backwashing cycles were reduced to 3 days (just
below the time of reproduction of these microorganisms), the nematode problem
disappeared (Heilker, 1979).

GAC COLUMN BACKWASHING

Dohne's GAC contactor columns are backwashed first with air to loosen
the biomass which tends to cause GAC particles to stick together at times.
After loosening the mass with air, water alone is pumped through the columns
at the rate of 27 to 30 m/hr. The time between backwashings is controlled
by head loss through the columns. Because of the fact that there are four
different granular activated carbons being tested in the Dohne plant, backwash-
ing frequencies of the four GAC contactors are not the same. Each GAC has a
different grain size, and head loss buildup occurs at a different rate for
each of the four contactors. On the average, however, backwashing was being
performed every 10 to 14 days during early 1978. However, because of the
development of nematodes (see above), the backwashing time subsequently has
been lowered to 3 days (Heilker, 1979).

Turbidity of the water after the GAC contactors ranges from 0.1 to 0.2
FTU, and averages 0.14 FTU.

The four activated carbons being studied in the Dohne plant have
different adsorption capacities, which were determined during the pilot
plant testing program. The full-scale plant 4 meter virgin GAC columns were
started up during the winter of 1977, when water temperatures were below 8°C
for the first 3 to 4 months of operation. As a result, bacterfal growth
buildup was very slow in the GAC media. This was confirmed by the data of
Table 100, which show low levels of CO2 being produced during this period.

During backwashing, only small amounts of carbon fines are removed.
These had not been sufficient to require the addition of any makeup GAC
during the first 7 months of plant operation.

No buildup of slimes has been observed at the Dohne plant in either the
sand filters or in the GAC contactors during the first 7 months of operation.
Neither were slimes observed during the 2 year pilot plant study. There‘ore,
it can be concluded that the pretreatment steps, including ozonation, prevent
the buildup of such detrimental materials.

BACTERIAL TESTING

Table 102 shows bacterial count data obtained at various points in the
Dohne plant process. It is clear from these data that the SAC effluents
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from the old GAC columns contained considerable biclogical activity. After

5 months of use, effluents from virgin GAC columns showed much lower bacterial
counts. However, it is equally clear that E. coli are not present in the
effluents from columns containing old or new GAC. Two groups of European
microbiologists (KINA -- The Netherlands and Univ. of Saarlands -- Federal
Republic of Germany) agree that E. coli cannot survive in the GAC columns in
the presence of the other strains of water and soil bacteria which are
present.

TABLE 102, BACTERIAL COUNT DATA AT COHNE PLANT WITH BAC TREATMENT PROCESS

| With 01d GAC* April, 1978 (new SAC)**
Samptling Point Total Counts/mi] E. coli/100 ml counts/ml JE. coli1/1C0O mi
M o] M g
g g g g
Raw water 14,490 } 2.0 1,620 }1.7 20,000 -—-
After flocin +
sediment. 2,340 §4.2 6.713.2 20,000 -—-
ﬁfter sand filt.} 6,010 § 4.9 << 1 }j--- 90 0
After GAC 3,700 } 4.0 << 1 [-~-- 57 0
After ground
passage 27 { 2.3 << 1 fe-- 22 2,2%%%

Mg = geometric mean cg = geometric standard deviation

fr Source: Sontheimer et al., 1978

* Source: Heilker, 1978, Private Communication

exx  fAbout 20% of the water present afier ground passage comes from

infiltration from the Ruhr River. This infiltrated water is the
source of the E. colis found.

The Dohne plant waters are analyzed routinely for total bacterial
counts, E. coli and algae in the raw water, filtered water, after ozonation,
after GAT and after ground passage. Raw water from the Ruhr River is
analyzed once each day and groundwater stations are analyzed once each week.

COSTS

Substantial cost data were obtained during visitation to the Cohne
plant in June, 1978. These will be presented in three sections: (a) Costs
For Enlarging GAC Contactors And For GAC, (b) Costs For Ozonation Equipment
and (c) General Cost Data, which include Costs For Plant Operations and
rates charged to water customers.
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Costs for Enlarging GAC Contactors and for GAC

The originally installed GAC contactors (which provided a 2 m depth of
GAC) were enlarged in late 1977. Plant management had planned for this
eventuality when the original GAC contactors were installed, and had designed
the building and associated appurtenances to be able to accomodate the
enlarged GAC depths. Currently, the four GAC contactors are 5 m in diameter
ang 8.5 m high. The current depth of GAC contained in each contactor is 1
meters.

Enlargement of the four GAC contactors was completed at a cost of
300,000 Deutsch marks (DM) ($150,000 at an exchange rate of 2 CM/$), including
necessary modifications to the building. On the other hand, four new GAC
contactors of the current size at the Dohne plant would have cost an estimated
600,000 DM ($300,000). A single new GAC contactor would have cost approxi-
mately 250,000 DM ($125,000) on a turnkey basis.

In addition, 450,000 DM ($225,000) were expended for the purchase of
320 cubic meters (about 100 metric tons) of GAC to charge these contactcrs
with virgin GAC in November, 1977. The GAC cost represents an average of
about 75¢/1b, but it should be remembered that four different granular
activated carbons have been installed at Dohne, and the price for any one of
these four may differ slightly from the others.

The RWW utility managers expect to reactivate spent SAC on a two year
cycle, based upon pilot plant results obtained using *he new ozonation
process. ~his compares with a conservatively estimated maximum bed life of
6 months, were the 4 m deep SAC columns to have been used with the plant
being operated by the old treatment process. The 2 meter deep GAC columns
actually used in the old process had to be regenerated every 6 to 8 weeks.

In 1978, the Dohne plant was using double the amount of GAC than it did
with the old process. However, because of the extended GAC reactivation
cycle, the RWW management was not considering the purchase of a furnace for
on-site reactivation. The cost for reactivating the entire plant stock of
GAC is about 180,2C0 DM ($90,000), or slightly less than 1,000 CM ($500) per
ton of GAC reactivated. Transportation to the reactivation site is the
largest fraction of this cost. The firm which provides the reactivation
service also supplies the truck, but Johne plant labor is used to unload GAC
from the columns and load it onto the truck. The beds of GAC are fluidized
with water for removal, then the carbon is pumped as a slurry to the truck.
When the 2 m deep GAC columns were reactivated, unloading the columns and
transferring the truck was accomplished by 2 men in 2 hours. The RWW manager
hopes that the labor required to unload and transfer GAC from the 4 m deep
columns will be less than double this figure.

The Cohne GAC contactors have only required backwashing every two weeks
since the 4 meter depths of activated carbon were installed in November,
1977. With the old treatment process, the 2 meter deep GAC colurns required
backwashing every week and the sand filters were backwashed every 24 to 48
hours. Backwashing of the sand filters since switching to the new process
(same sand filter sizes as when used in the old process) now is required
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only on a weekly basis. These extended backwashing cycles are attributed
largely to the new ozonation process. It had been hoped that extended
backwashing times would have provided substantial cost savings both in
pumping costs and in wastewater treatment charges. However, the nematode
problem arose, which necessitated lowering the backwashing times to every 3
days, in order to avoid their development.

Ozonation System Costs

The capital cost of the total ozonation system for the Dohne plant was
2,200,000 DM in 1976. This figure includes air compressors and driers,
ozone generators, associated piping and control instrumentation and construc-
tion of the ozone contact chambers. The ozone generation capacity is 8
kg/hr (422 1bs/day), which provides for ozone dosages of 3.5 to 5 mg/1,
depending upon the rate of water flow through the plant.

The energy demand of the ozone generation system at Dohne is 20 kwhr/kg
of ozone generated, or 9.1 kwhr/1b. It was not clear whether this figure
includes electricity used by the air preparation unit. If not, an additiona:l
21% (1.9 kwhr/1b)* should be added. This would result in a total energy
demand of 11 kwhr/1b for air preparation and ozone generation. An additional
1.8 kwhr/1b* of energy is required by the ozone contact system (diffusers
plus off-gas recycling to the preozonation step). This makes a grand total
of 12.8 kwhrs/1b of ozone generated and applied. [The figures of 1.9 and
1.8 kwhr/1b required for air preparation and ozone contacting, respectively,
were obtained from a questionnaire completed by The RWW during 1977 (see
Miller et al., 1978)].

Although the addition of ozonation to the Cohne water treatment process
involved a capital cost of 2,200,000 DM ($1,100,000) and an increase in
purchased electricity, 5,086 kwhrs/day (523 to 755 DM; $262 to $378 at 0.09
to 0.13 DM/kwhr local power cost), these increased costs have been offset by
several operating cost savings:

1}  Much less chlorine is used in the new ﬁrocess than in the old process.
A minimum of 96% of the chlorine formerly required (1,059 to 5,295
1bs/day) has been eliminated.

2) A reduction in labor force by 7 or 8 persons for an estimated total
annual savings of 300,000 DM ($150,C00).

3) The GAC reactivation cycle has been extended from a conservatively
estimated hypothetical 6 months to a projected minimum of two years --
an annualized savings of just over 600,000 OM ($300,000)/year in GAC
reactivation costs alone. e

Although individual items of cost savings can be deduced by comparing
the old and new treatment processes, other modifications of the process
required increases in costs. Heilker (1979) summarized the cost comparisons
for water treatment at the Dohne plant by the old and by the new processes
and made the following ststement:

396



"The treatment plants in the Dohne waterworks have been operating for
more than 1.5 years using the revised process. The drinking water
quality has been significantly improved without increasing treatment
costs. The Dohne plant is less susceptible to disturbance and as a
result can be operated with 50% of the former staff size. The activated
carbon filter runs are 3 to 5 times longer than before."

In addition to the Dohne plant, the Rheinisch-Westf41ischen Wasser-
werksgesellschaft mbH also owns and operates several other plants near
MUTheim. Based upon the performance and cost benefits obtained using the
ozone/GAC process at the Dohne plant, two other plants have been redesigned
and are being modified to use the ozone/SAC process for both plants. Comple-
tion and startup of these plants is expected during 1979.

Bids were received in early 1978 for the ozonation equipment for both
new plants. The larger of the two plants requires a 3€ kg/hr (1,900 1bs/day)
ozone generation system which cost 2.9 million DM ($1.45 MM). This price
included all related hardware, such as the air preparation equipment, ozone
generators, turbines (for first stage ozonationg, contacting (for second
stage ozonation), associated instrumentation and controls and contactor off-
gas destruction equipment. On the other hand, this price does not include
the second stage ozone contact chambers or buildings.

The ozonation system at the smaller plant will generate 14 kg/hr (739
1bs/day) and has been purchased for 1.6 millfon DM ($800,0C0). This price
included and excluded the same items as the iarger plant, but was described
as a more complicated installation requiring more piping at several points
in the water treatment system.

-n Table 103 cost figures and ozone generation capacities are compared
for the three RWW ozone installations discussed above. It is evident that
economies of scale result in lower costs per unit of ozone generation at the
larger installation. However, site-specific factors (such as the need for
relatively more piping at the smaller plant) also affect the cost/1b of
ozone generation capacity/day.

General Cost Data

Residential customers of the RWW in MUlheim were charged 0.89 CM/cu m
of water supplied during 1978. This is somewhat lower than the rate charged
by other major German municipalities. At the exchange rate prevailing
during June, 1978 (s1ightly under 2 DM/$), this rate converts to about
$1.65/1,000 galions.

Costs of treatment plant operation at Dohne were described by RWW
management as falling into three catagories -- treatment, d1s§r1bution and
pumping (for both treatment and distribution). These categories account
for, respectively, 21%, 46% and 33% of total operating costs. A breakdown
of the costs within each of these categories is included in Table 104.
Several interesting conclusions can be drawn from these data in gomparing
German treatment practice at the Johne plant of Mlheim with typical United
States practices. Treatment costs of 21% are a relatively low percentage of
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TABLE 103. COSTS FOR OZONATION SYSTEMS* IN MOLHEIM, FEDERAL REPUBLIC OF GERMANY
Ozone Generation Capital Cap Cost of
Capacity Cost Ozone Generation
Plant kg/hrlkg/day | 1bs/day | MM of DM DM/kq/day 13/1b/day*®
Dohne 8 192 423 2.2 (1976)**4 11,458 2,600
"AM 14 336 741 1.6 (1978) 4,762 1,080
"g" 36 854 1,905 2.9 (1978) 3,356 761

*k

*kk

includes cost of air preparation, ozone generation, turbine contacting, contactor

off-gas treatment, controls, but no contact chambers.

at an exchange rate of 2 DM/$

includes building costs




total costs. Labor also represents a sraller part of the total. On the
other hand, costs related to capital (interest and depreciation) are high.
Taken together, these three observations show that a mrore capital-intensive
system is used at Dohne, which relies less on labor than is typical in
United States plants.

TABLE 104. BREAKDOWN OF COSTS AT DOHNE PLANT, MULHEIM, FRG

Category of Treatment Distribution Pumping
Cost (21% of Total) | (46% of Total) | (33% of Total)

Labor 10% 10% 32%

Energy 15% 1% 36%

IMaterials 17% 2% 1%

Taxes 2% 7%(a) 1%

16%(b)

Depreciation (c) 17% 29% 17%

Interest (d) 39% 35% 13%
100% 1C0% 100%

Notes

(a) Property taxes to local communities

(b) Taxes to authorities providing raw water supply

(c) Includes capital set aside for future building

(d) Interest costs estimated to be 5 to 6%

Cost of water to Mlilheim's residential customers averaged 89 pfennigs/-
cum (1.68¢/1,300 gallons) in 1978. Power costs are 9 to 13 pf/kwhr (4.5 to
6.5¢/kwhr) at Dohne, but are lower at other Mllheim plants where power is
generated on-site. The RWW did not raise the price of water to their custo-
mers when the BAC process went on-stream in 1977,

Labor costs at Dohne are 2,800 DM ($1,400)/month. Dohne currently
employs 10 machine operators (2/shift) + 1 plumber.

FUTURE PLANS AT MULHEIM
Based upon the successful incorporation of the BAC process into the
Dohne piant, the RWW management is incorporating the process into two

additional plants which also draw Ruhr River water. These plants will
process 72,0C0 and 25,000 cu m/day of drinking water.
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Both processes will be nearly identical to the current Dohne process,
except that ground passage of treated water will be eliminated. Ground
passage could be eliminated at Dohne now, from a treated water quality point
of view, but will be retained to act as a storage reservoir. In addition, a
Superpulsator will be used at the smaller plant instead of the Pulsator,
b7cagse the newer equipment can be used at much higher upflow rates (12
m/hr).

Additionally, the sand fi{lters at Dohne were scheduled to be replaced
in December, 1978 with dual media filters. These were to be hydroanthracite
(0.6 to 1.2 mm particle size) coverad with a layer of 1ight density (2 to 3
mm particle size) GAC (which has very 1ittle adsorption capability. The
reason for this change is to allow backwashing of the filters to be controlled
by headloss rather than by turbidity, which is the present control mechanism.
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APPENDIX F
ROTTERDAM, THE NETHERLANDS -- KRALINGEN WATER TREATMENT PLANT

Background

The new Kralingen plant became operational in March, 1977. It was
constructed to replace the older Honingerdijk plant which dated back to
1874. Raw water for the Kralingen plant is supplied by the River Maas
through two Biesbosch storage reservoirs. An alternate water source is the
Berenplaat storage reservoir and, under emergency conditions, River Rhine
water may be drawn through the Nieuwe Maas emergency intake. Figure 109
shows the Kralingen plant water sources.

RHINE RIVER ME.SE RITER RRINE RTVER
(HaAS)
w
OUJE MAAS NITWE MAAS
EMERSENTY INTAKF MEPIENIDY THTAKC
A 4
BERENFLAAT BIESEOSZH
STCRASE PESRVICR ] STOPASE RECIPVIIR

KRALINGZN RESFRVCIR

Figure 139. Kra ingen (Rotterdan) plant water sources.

The Kralingen plant is of interest to students of European water
treatment practices for a number of reasons, including the following:

1) Kralingen is a totally new plant which incorporates the latest knowledge
of water treatment processes,
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2) Being recently constructed, Kralingen provides contemporary cost
information,

3) Kralingen incorporates a high level of process monitoring for organic
chemicals, especially trihalomethanes, due to the interest in these
problems by Dr. Johannes J. Rook, Chief Chemist. Dr. Rook is a pioneer
in studying and identifying the mechanisms of formation of trihalo-
methanes in drinking water. DJr. Rook's basic objective is to minimize
the amount of chlorine used in treating Rotterdam's surface water
supplies, while producing high quality finished drinking water.

“he Biesbosch Reservoirs

These two reservoirs store River Maas water, which flows sequentially
through the first reservoir, tlien the second. Each reservoir is 20 meters
deep and the two provide a combined retention time of three months. This
storage time equalizes wide variations in River Maas flows, which are especial-
1y affected by the annual Spring thawing of snows.

The second reservoir has been fitted with aeration devices, primarily
for the control of algae, to prevent stratification, to promote biological
decomposition of dissolved organic materials and to promote conversion of
ammonia to nitrate ion by nitrification. Ammonia levels in the reservoir
influent from the Maas are as high as 4.5 mg/1 during winter months, but
this usually drops to less than 1 mg/1 during the 90-day reservoir storage
in winter and to zero during summer. Coliform levels drop to about 10% of
their influent levels during the first 30 days of storage in these reservoirs.

Promotion of aerobic biological activity in the Biesbosch reservoirs
incorporates biological pretreatment into the Kralingen plant treatment
scheme.

The cost for installing these two reservoirs was equal to the cost for
installing the Kralingen treatment plant itself (see cost section).

Water flows from the Biesbosch reservoirs to the Kralingen plant
through a 20 kilometer long transmission line which requires 15 hours
residence time. The Kralingen plant is desfgned to operate without prechlori-
nation, however unacceptable head losses occur in the transmission line when
water temperatures exceed 10°C during summer months. This {s due to buildup
of biological growths in the main. Therefore, up to 4 mg/1 of chlorine is
added at the reservoir to control biogrowths in the transmission iine during
summer periods. Prechlorination dosage is controlled by monitoring head
loss in the transmission main. Nominal prechlorination dosage is set at 1
mg/1, but when head losses increase, more chlorine is added. Prechlorination
at the reservoir for protecting the transmission 1ine is referred to as
“transport chlorination".

Prechlorination is not required during winter months when the water
temperatures are below 10°C. Therefore, trihalomethanes are produced at
Kralingen only during summer periods when transport chlorination must be
practiced.
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The Kralingen Treatment Plant

The site of the Kralingen plant is adjacent to that of the old Honinger-
dijk plant, as this is the focal point of the Rotterdam water supply system.
Transmission mains and the Nieuwe Maas intake previously used by the Honinger-
dijk plant can be used by Kralingen.

Process selection was based on a Tengthy (about 2 years) semi-industrial
scale pilot plant study. Figure 110 shows details of the individual process
steps and Table 105 summarizes the number of operational units and their
capacities for each process step.

Low 1ift pumps draw water from the raw water storage reservoir at the
end of the 20 km transmission line from the Biesbosch reservoirs. Iron
sulfate coagulant is added in static mixers prior to discharge to floccula-
tion, which is achieved in a 4-compartment unit utilizing horizontal shaf:
paddle mixers. The flocculated water is clarified in 55° lamella settlers
(Parkson process).

Clarified water flows to a 5-minute retention time, aspirating turbine,
ozone contacting chamber, and subsequently to an 11-minute retention time
tank. A design dosage of 3 mg/1 of ozone is added to produce a residual
dissolved ozone level of approximately J.4 mg/1 in the water emerging from
the contactor. However, the ozonation step is controlled by monitoring the
level of ozone in the contactor off-gases at the level of 1 g of ozone/cu
meter. This is done because Kralingen plant personnel have —wre confidence
in being able to monitor ozone in the gaseous phase than in solution. Ozone
is analyzed in both phases spectrophotometrically (with a Sigrist unit), but
in solution a €ilm of oxidized (by ozone) micropoliutants gradually builds
up which interferes with light transmission and results in inaccurate readings.

Ozone in the contactor off-gases is destroyed in heated catalytic
units.

Ozonized water flcws to multi-media filters (20 cm of anthracite on
sand, supported on gravel) at a rate of 15 to 20 cu m/sq m/hr (m/hr).
Filter backwashing is provided by air, then water backwash, when the headloss
reaches a maximum of 1.5 meter.

Filtered water is pumped from the dual media compartment filter clearwell
below the filters by medium 1ift pumps to the pressurized GAC columns.
Filter and GAC column backwash water also is drawn from the filter clearwell.
A depth of 4 neters of GAC is provided 1n the twelve, 8-meter high, 6-meter
diameter, cylindical steel GAC contactors. These GAC contactors are construc-
ted of carbon steel with a special proprietary coating on the inside surfaces.
The GAC is supported by a coated steel plate with plastic nozzles inset in
the plate for flow distribution. A 10-minute empty bed contact time 1s
provided in the 3AC contactors.

Backwashing of 3AC columns is conducted about once/week by using the
filter backwash pumps. The process is controlled by head loss of 5 m WC.

403



River Maas

y

L Biasbosch Reservo-rs }(———-——— aerat-on

transport chlor-ration
‘summer only)

Raw Water Storage Reservoir

}

Low Head Pumping Station ]
chenicals
F*occulators 1
llar-“-ers ]
L ozane
7
Czore lontactors ]
|72 creT ca’s
&
Dual Medra Filters ]

"

F-Tter Clear Well

}

.

Medium _ift Purpirg Station

]

4
3AC Jontactors 4]
|
J

{

Fin-shed Water Reservoirs
Te

Y
Hgh Lift Purpirg Stat-on

!

Water Distr-bution Systen ]

post chior-nation
(C 5 mg/” dosage

Figdre "12. Process flow d-agram of the Kralingen water treatment

plant, Rotterdam, “he Netherlands.

404



TABLE 135. DESCRIPTION OF TREATMENT PROCESS UNITS AT KRALINGEN PLANT
number of number of
capacity Joperational backup
description of unit of unit units units
raw water storage basin: 87,984 m3 1 --
Tow 1ift pumping station:
constant speed 1.5 m3/sec 1 --
variable speed 1.5 m3/sec 1 2
coagulation: static mixer 1.94 m3/sec 1 1
flocculation: four compartment,
horizontal shaft, paddle 3
flocculators 0.4 m~/sec 5 1
clarifiers: lamella (Parkson 3
process) separators 0.4 m~/sec 5 1
ozonation: single stage, 5-minute 3
retention time, aspirating turbine | 0.4 m~/sec 5 1
holding tank 0.4 m>/sec 5 1
filtration: dual media (0.8 m sand,
0.8 m anthracite). Unit filter
area -- 36 mé 10 2
medium 1ift pumping station:
medium Tift pumps 1 m3/sec 1 3
filter & GAC backwash pumps 1 m3/sec 1 3
GAC contactors: 10 minute EBCT,
4 m GAC depth; unit filter area = 3
28.1 mé 0.194 m°/sec | 10 2
finished water storage reservoirs 30,000 m3 2 -
high 1ift pumping station: pumps 0.83 m3/sec 6 2
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The GAC in the columns is manufactured by Norit (currently Super,
Normal and mixed Super/Normal) and leased from Norit. Spent GAC is returned
to the Norit plant, some 20 miles distant, for reactivation. Any losses of
the leased GAC during backwashing or transportation to Norit are charged to
the Kralingen plant at the rate of 1,300 Dutch gilders/cu m.

During the plant visitation (June, 1978), only 8 of the GAC columns
were being used. Of the eight, seven were scheduled to be on-l1ine at any
one time, with the GAC from the eighth column being regenerated at the Norit
plant. Currently, GAC regeneration is expected to be required every one to
two years, based on chemical laboratory analyses being developed by Ir. Rook
(see later section).

Water flows from the GAC columns to above-ground, enclosed finished
water reservoirs having a capacity of 30,000 cu m. High 1ift pumps draw
from the reservoirs and discharge to the Rotterdam distribution system.
Prior to storage, the processed water is treated with chiorine to attain a
free residual of 0.1 to 0.2 mg/1, which normally requires chlorine dosages
(total of 0.3 to 0.6 mg/1). During summer, a peak chlorine dosage of 1 mg/1
is required to attain these chlorine residuals. At the extremities of the
distribution system, total chlorine residual is zero to 0.1 mg/1.

Water Quality

Table 106 1ists typical water analyses obtained during January, 1978.
Biesbosch raw water analyses after entry into the plant but prior to treatment
are shown as "raw water”. Finished water analyses are made after residual
chlorination. It should be noted that influent CCD and TOC levels of 8 and
4 mg/1 were lowered to 4 and 2.8 mg/1, respectively, by the Kralingen treat-
ment process. Dr. Rook believes COD to be a better parameter for monitoring
effectiveness of GAC adsorption efficiency than is TOC.

Trihalomethane Production & Removal by GAC

Several well-known papers by Dr. Rook detail his pioneering studies on
the formation of trihalomethanes in Rotterdam drinking water. These papers
are cited in the bibliography section of this report. In addition, Dr. Rook
provided the unpublished data of Table 107, which show that removal of THM
precursors by the Kralingen water treatment process (ozonation followed by
GAC adsorption) is efficient only with virgin (or freshly regenerated)
activated carbon. From June through November, 1977 prechlorination of
Biesbosch reservoir water was practiced at levels of 4 mg/1. Total THM
levels over this period averaged 108 microg/1 in the plant influent, 72
microg/1 before ozonation and 71 microg/1 after ozonation.

Without GAC adsorption and following 0.5 mg/1 post-chlorination dosage,
TTHM levels in ozonized water were 100 microg/l. With virgin GAC and post-
chlorination, TTHM leveis in ozonized water dropped to 17.5 microg/l, but
with 4-month old GAC, T7HM Tevels in ozonized and post-chlorinated waters
rose to 61 microg/1.
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TABLE 106. ANALYSIS OF RAW AND FINISHED WATERS AT KRALINGEN, JANUARY 1978

raw water* finished water
Darameter min. avg. I max. i min. avq. Imax.

color, mg Pt/1 9 12 14 ” <1 <1 1
temperature, °C 5.5 6.0 7.5 5.5 6.0 7.5
turbidity, JTU, 0.60 1.6 } 3.9} 2.0} 0.10} 0.25
KMnO4 demand, mg/1 10 1 12 3 4 5
nitrite, mg/1 0.019 | 0.050] 0.070 -- 0.000} --
nitrate, mg/1 18.5 18.8 | 19.0 |} 19.5 19.9 20.0
sulfate, mg/1 78 83 90 113 116 119
NH4+ saline, mg/1 0.20 | 0.26 | 0.33 ] 0.24 | 0.C6 c.n
NH4+ albuminoid, mg/1 0.17 [ 0.20 }0.22 {] 0.09 0.1 0.13
Fe, mg/1 0.02 | 0.03 | 0.05 f} 0.01 0.02 0.04
Mn, +g/1 6 7 9 2 3 3
D0, mg/1 11.2 12.2 1 12.6 §f 1.2 12.4 13.0
phenol, ug/1 1 1 2 <1 <] <1
detergents, ng/1 45 50 55 10 11 15
cob, mg/1 8 8 9 2 4 5
TOC, mg/1 3.5 3.9 {40 2.2 2.8 3.7
Br, ug/1 120 125 135 60 65 80
hexachlorobenzene, 1.g/1 -- <0.01] -- |KO0.01 }<0.01 }<0.91

- HcH, ua/ <0.01 | <0.01 | <0.01}] -- - --

- HcH, ug/l <0.91 | <0.01}<0.21})}f 0.01 0.01 .0

- HcH, ug/1 0.01 0.01{2.91 } 3.01 0.01 0.01
cholinesterase inhibitors, in

parathion equivalents, 1g/1 0.04 0.0710.08 }j 0.02 0.03 3.04

* raw water = water influent to the plant
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TABLE 107. HALOFORM PRODUCTION IN KRALINGEN PLANT, JUNE 1977 - MARCH 1978

haloforms produced {microg/1)

prechlorination total
sampling point data taken at reservoir CHC13 CHC]ZBr CHBr2C1 CHBr3 THMs
plant influent average data, 4 mg/1 55 34 17 2 108
June-Nov. 1977
after coagulation, average data, 4 mg/1 35 23 12 1.6 72
lamella settling, sand {June-Nov. 1977
filtration & evap'n.
after 5 min. ozonation | average data, 4 mg/1 34 24 11.3 1.8 n
June-Nov. 1977
no GAC + 0.5 mg/1 post- 0 51 34 14 1 100
chlorination
after virgin GAC + 0.5 0 3.3 3.6 4.6 6.0 17.5
mg/1 post-chlorination]
after 4 month old GAC + 0 22 15 13 1 61

0.5 mg/1 post-chlori-
nation




Thus Dr. Rook concludes that GAC is effective in removing THMs from his
waters only for short periods of time (less than 4 months). He also concludes
that once his waters have been prechlorinated, ozonation is not effective
either in reducing THM concentration levels or in preventing formation of
more THMs upon subsequent post-chlorination.

From July to Jecember 1977, the chloroform levels in Kralingen plant
influent water and in one GAC column effluent followed the behavior pattern
shown in Figure 111, Prior to July, 1977 the plant influent water was not
chlorinated, therefore chloroform levels in the plant influent were zero.
Starting in July, 1977, the amount of chloroform formed immediately increased
to levels of 30 to 60 microg/1. Most of this was adsorbed quickly by the
GAC, but the 3AC effluent quickly began to show the presence of chloroform.
During September/October, 1977 the chloroform level in the GAC effluent
peaked at about 15 to 20 mg/1 then began to fall. When prechlorination was
ceased in Jecember, 1977, however, chloroform still was measured in the GAC
effluent for several months thereafter, falling to levels near zero by
March/April, 1978. A second GAC column showed the same behavior over the
same period, except that the chloroform concentration in the effluent levelled
off more slowly after prechlorination was ceased.

Dr. Rook concludes from these and other data that GAC adsorbs chloroforn,
but that desorption of chloroform begins almost immediately. After cessation
of prechlorination, all chloroform measured in the 3AC {ltrates is present
because of desorption.

Biologically Active 3AC

Dr. Rook has noticed biological activity in the Kralingen GAC adsorbers,
but its buildup was slow during the first year of operation. Its current
contribution to the overall efficiency of the treatment process is relatively
small. At water temperatures above 10°C (summer) biological activity is
operative in both the double layer filters and in the GAC adsorbers. Ammonia
Tevels of 0.3 mg/1 (winter) drop to 0.10 to 0.15 mg/1 by nitrification in
the dual media filters. There is no armonia in the Kralingen plant influent
during summer because it is all nitrified in the Biesbosch reservoirs.

The new Kraiingen plant began operation in March, 1977 with virgin 3AC.
Reactivation of GAC did not begin until March, 1978, With virgin GAC,
effluents from the adsorbers contained 0.9 mg/1 of TOC and 1 to 2 wg/1 of
COD (from influent values of 4 and 8 mg/1, respectively). After the second
month, the GAC effluent contained 2 mg/1 TOC. By January, 1978, the TOC of
the GAC effluent had risen to 2.8 mg/1 (62% of that in the plant influent).

At the same time, the average COD level in the GAC effluent was 50% of that

in the plant influent. Therefore, in terms of EPA's proposed GAC regeneration
criteria (remove 50% of the influent TOC), the effective 1ife of the Kralingen
activated carbon was less than 1 year. However, this GAC performance was
considered to be satisfactory at Rotterdam.

Detergent levels in the Kralingen water averaged 50 microg/l1 during

January, 1978 and were lowered to 11 microg/1 during treatment. Dr. Rook
noted that new GAC removed nearly all of the detergents originally present.
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However, after some 6,0C0 bed volumes had passed through the GAC, hardly any
detergent removal occurred. However, after continued passage of an additional
6,000 bed volumes of water through the same GAC, removal of detergents
increased up to a level of about 50% (Figure 112). Dr. Rook believes that
desorption of detergents may have been occurring during the period when no
removal was apparent and that the biological activity had not yet reached a
point at which biodegradation of detergents was significant. Upon continued
use. however, biological degradation (and/or desorption) became responsible
for the removal of about 50% of the influent detergent concentrations.

Biological activity in the Kralingen plant dual media filters and GAC
adsorbers is present, but does not appear to be removing as much 70C and
ammonia as at the MUlheim, Germany lohne plant. This can be explained on
the basis of the biological decomposition reactions which occur in the
Biesbosch reservoirs during 90-day storage with constant aeration. During
this storage period, most of the amrionia is nitrified and the readily
degraded carbonaceous organic materials are decomposed in the reservoir.
The balance of the 70C and COD which is removed in the Kralingen plant
proper is a result of flocculation, clarification, ozonation, filtration,
GAC adsorption and biological degradation in the filtration media and GAC
adsorbers.

GAC Regeneration Parameters

Dr. Rook began sending the Kralingen GAC out for regeneration in
March, 1978 (one or two columns at a time). However, he believes that even
though the GAC may be passing relatively high levels of TOC through it in
the form of dissolved organic materials which are not strongly adsorbed by
GAC (or are easily desorbed), the less polar, more strongly adsorbed halogen-
ated organic materials of concern still are being adsorbed. This belief is
based upon work which had been conducted on Rhine River waters by the Engler-
Bunte Institute of the University of Karlsruhe, Germany.

As a result, Jr. Rook has been developing analytical procedures for the
measurement of chlorinated organic materials. TOCl! and D0C1 analyses are
conducted following the Engler-Bunte Institute procedures. In addition, an
"Ether-extractable Organic Chlorine" (EOC1) analysis has been developed by
Dr. Rook. This extraction procedure employs petroleum ether (30°C boiling
point) for extracting GAC effluent. As soon as the level of EOC! rises
significantly, Dr. Rook plans to regenerate the particular GAC column(s)
involved.

The March, 1978 GAC regeneration was based on TOC rise in the SAC
effluent. However, as of June, 1978, regeneration now will be based on a
maximum Tevel of TOC1 and/or EQC1. These parameters for GAC regeneration
may be changed in the future by Dr. Rook as more data are gathered regarding
the Kralingen plant performance.

Colony Counts

Table 1C8 1ists representative colony counts/ml obtained during March,
1978 and May, 1978. There is little question that counts are Tow after the
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TABLE 108. REPRESENTATIVE COLONY COUNT DATA AT KRALINGEN PLANT
data obtained | no. of] colony no. of samples having Counts of
sampling point during samplest counts/m1* [ O/mt F1-10/m] § 10-100/mi J 100-1,000/m!
reservoir - before March 1978 123 -- 109 12 2 --
chlorination
reservoir - after March 1978 122 - 64 32 24 2 (av. 500)
chlorination
plant influent March 1978 19-20
after lamella settling § March 1978 7
after ozonation March 1978 3
after GAC March 1978 10
plant influent May 1978 150
after lamella settling May 1978 2,000-
5,000
after ozonation May 1978 70
after sand filtration § May 1978 *0,900
after GAC May 1978 5,800
* incubated at 22°C; grown on agar




ozonation step but high after GAC adsorption. However, the post-chlorination
step (0.5 mg/1 chlorine dosage) lowers plate counts in the Kralingen product
water to levels which meet the required public health standards.

Capital Costs And Financing

The Kralingen plant was completed in 1977 at a total capital cost of
170 million Jutch gilders, stated in April, 1978 values. Since the Rotterdam
accounting procedure includes the statement of all assets in estimated
current market values, figures were quoted to the site visitation team and
are discussed below in April, 1978 values. The market exchange rate during
June, 1978 was approximately 2.7 Dutch gilders per U.S. dollar. Hence, the
Kralingen plant cost $81 mill{on. ‘

Table 109 breaks down the capital costs of the components of the
plant; the figures are in millions of Jutch gilders and in U.S. dollars.

TABLE 109, CAPITAL C0STS OF KRALINGEN PLANT

April 1978 values millions
Cost Categories (millions of Dutch gilders)] of $ US
General items (land purchase, engi- 40 19.05
neering, financing, overhead, archi-
tects, city planning fee, etc.)
Service building (offices, labora- 24 11.43
tory, mechanical workshop, pilot
plant)
Streets, Tandscaping 12 5.7
Storage reserveir for raw water, 5 2.38
pumping station
Emergency inlet pump station 2 0.95
Treatment plant (see separate 46 21.90
breakdown of components)
Carbon facilities (excluding GAC) 7 3.33
Finished water storage tanks 9 4,29
High 1ift pumps 6 2.86
Shelter facilities for war 1 0.48
emergencies
Items unaccounted for 18 8.57
TOTAL 170 80.95
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Additional information was provided on the costs of each component of
the treatment plant itself. The elements making up the total of 46 MM
gilders are shown in Table 110.

TABLE 110. TREATMENT COMPONENTS AT THE KRALINGEN PLANT

April 19/8 values millions of
Plant Component (mi1lions of Dutch gilders) $ US
Construction - concrete portions 13.5 6.43
Piping 1.8 0.86
Heating, cooling, ventilation 1.9 0.90
Electrical 2.2 1.05
Chemicals - initial stock 3.7 1.76
[ Electrical installations for 2.1 1.00
chemical dosing and metering
Coagulation 1.2 0.57
Sedimentation 3.0 1.43
Sludge treatment & drying 0.1 0.05
Ozonation equipment* 4.3 2.05
Filtration 3.4 1.62
Medium 1ift pump station 2.2 1.05
Control system - automation 7.0 3.33
TOTAL 46.4 22.10
* “includes air preparation, ozone generation, turbine contactors and off-
gas destruction equipment

These costs were financed by the authority through funds drawn from
general revenues rather than through issuance of new debt. Since it is a
stock company owned by the city of Rotterdam, the water authority incorporates
its capital needs with those of the city and acquires funds in this way. In
return, the water company pays for the cost of this capital in the form of
"interest" and depreciation payments to the city in future years. For the
Kralingen plant, that annual payment is 7 MM gilders ($3.33 MM) annua:ily,
for a plant presently worth 170 MM gilders ($81 MM), about 4% per year for
the current worth of the plant and a higher percentage of its original cost.
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The total gross assets for the water company were 540 MM gilders ($257
MM) in April, 1978 values. Including the new plant less accumulated deprecia-
tion of 140 MM gilders ($66.67 MM), net assets totalled 4C0 MM gilders
($190.5 MM). Hence the new plant was a large portion -- about 75% -- of the
net assets of the company existing before its construction. Such a large
capital program would strain the capabilities of utilities lacking the
resources and city ownership which Rotterdam enjoys.

Annual Operating Costs

In this section are discussed first the operat-ng costs of the Kralingen
plant and then a breakdown of the overall system operating costs. The plant
costs are based only on general categories of expenses, while the system
costs are based on the generalized steps in water supply from raw water
procurement to treatment and distribution.

The operating costs of the plant total about 7 MM Cutch gilders ($3.33 M)
annually. Table 111 presents an approximate breakdown of these costs.

TABLE 111. ANNUAL OPERATING COSTS OF KRALINGEN PLANT

miflions of miilions of

Cost Category Dutch gilders $ US
Wages - management & technical staff 0.9 €.43
Wages - operators 1.0 0.48
Maintenance 2.5 1.19
Utilities 1.2 0.57
Chemicals 0.5 0.24
Miscellaneous 0.9 2.23
TOTAL 7.0 3.34

In addition to the 7 MM gilders for operating the Kralingen plant, the
water company pays 7 MM gilders to the City of Rotterdam o cover the cost
of the capital funds provided for the construction of the plant. Hence, a
total of 14 MM gilders ($6.67 MM) is required annually to cover the full
plant costs. On a unit basis, assuming average annual production from the
plant of about 120,000 cu m/day (32 mgd), these total treatment costs amount
to 1.2C gilders/1,C00 gallons, or 57¢(U.S.)/1,000 gallons.

Water treatment, however, is only one part of the total process of
potable water supply. For the entire Rotterdam system, plant treatment
costs about 30 MM gilders ($14.29 MM), or only about 26% of the total costs
of potable water supply. The Kralingen plant costs of 14 MM gilders ($6.67 ¥M)
represent 47% of this total, while the plant provides about 38% of the
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system production. Table 112 presents a breakdown of the Rotterdam system
annual costs, excluding costs associated with a distilled water plant which
offsets 1ts own operating expenses with separate revenues.

TABLE 112, ANNUAL KRALINGEN WATER SYSTEM COSTS

costs in millions | % of total millions
cost category of Dutch gilders of $ US
Raw water - procurement & 4] 35% 19.52
reservoirs
Treatment/producticn 30 26% 14,29
Distribution 32 27% 15.24
Administration & laboratory 5 4% 2.38
City use of water 6 5% 2.86
Other 4 3% 1.90
TOTALS 118 100% 56.19

Company Revenues And Rates

The Rotterdam City Council establishes the rates to be charged for
water. The stated intent of this rate-setting authority is to cover fully
all of the costs of providing water services.

The total revenues in 1977 were 112 MM gilders ($53.33 MM), which is
slightly less than the operating expenses shown above due to the unbilled
provision of water to the city itself. The total amount of water delivered
during the year was 118 MM cu m (31,175.6 million gallons), at a calculated
average rate of C.95 gilder/cu m ($1.20/1,000 gal). Table 113 shows these
totals and a breakdown by class of service.

Since the water system serves 1.1 million people on a direct retail and
a wholesale basis, the usage and revenues per person served can be calculated
from these figures. The usage 1s 59 cu m/person/year, which converts to 42
gallons/capita/day. At the assumed rate of 1.16 gilders/cu m ($1.46/1,000
gal), this amounts to about 70 gilders ($33.33)/person/year, or about 23
gilders ($10.95)/month for a family of four.
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TABLE 113. ROTTERDAM WATER SYSTEM REVENUES, WATER DELIVERIES AND RATES
Jrevenues - miilionsjdeliveries - | calculated US $ pen
use category of Dutch gilders millions of rates, gilders}1,C00
cum per cu m gal
Residential 49,7 42,8 1.16 1.46
Industrial 45.0 51.0 0.88 1.1
Wholesale 14.6 22.4 0.65 0.82
4 City use & 2.4 1.4 ——— B
unaccounted for
TOTAL 11.7 117.6 0.95 $1.195
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